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FOREWORD 


The  design  analysis  procedures  of  shock  Isolation  systems  to  protect 
equipment  within  hardened  structures  are  presented  In  the  manual  by  the 
use  of  two  computer  programs,  ISZP  and  ISIP2.  ISIP  is  formulated  on  the 
basis  of  considering  the  shock  Isolation  platform  and  the  equipment  on  It 
as  a  rigid  body  six-degree-of-freedom  system  having  large  response  ampli¬ 
tudes.  ISIP2  Is  capable  of  analyzing  shock  isolation  systems  having  relatively 
flexible  platforms.  Both  ISIP  and  ISIP  2  accept  acceleration-time  history 
excitation.  For  a  given  shock  spectrum,  one  of  the  subprograms,  WAVSYN, 
synthesizes  the  required  excitation  as  the  first  step  toward  problem  solution. 
The  guidelines  for  the  selection  of  using  ISIP  or  ISIP2  are  provided. 

The  manual  Is  divided  Into  four  parts  as  follows:  Part  I,  Design  and 
Theoretical  Considerations;  Part  II,  User's  Instructions  For  Computer  Programs; 
Part  III,  ISIP  and  ISIP2  Program  Listings;  and  Part  IV,  Examples. 

The  manual  is  a  consolidation  from  several  previous  studies  on  shock 
Isolation  design  analysis  under  the  direction  of  the  Huntsville  Division,  Corps 
of  Engineers.  Much  of  the  information  In  Part  I  and  Part  II  Is  extracted  from 
"Development  of  Standard  Design  Specifications  and  Techniques  for  Shock  Isola¬ 
tion  Systems",  Vols  I,  II  and  III  (SAF-37)  prepared  by  the  Ralph  M.  Parsons 
Company.  The  material  in  Part  III  and  Part  IV  is  based  on  a  report  (SP-232- 
0594)  prepared  by  the  Space  Support  Division  of  Sperry  RahffCofporation, 
fluntsville,'  Alabama . 
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PART  I 

DESIGN  AND  THEORETICAL  CONSIDERATIONS 
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SECTION  1 :  INTRODUCTION 


1.1  BASIS  FOR  STUDY. 

The  need  for  protection  for  both  equipment  and  personnel  from  in-structure 
shock  environments  generated  by  the  nearby  explosion  of  a  nuclear  weapon  was  inves¬ 
tigated  in  the  early  phases  of  the  NIKE-X  program.  Although  a  consensus  has  yet  to 
be  reached  regarding  a  requirement  for  protecting  personnel,  it  was  determined  that 
the  predicted  level  of  shock  environment  to  which  both  personnel  and  equipment 
might  be  subjected  to  under  nuclear  attack  was  so  low  that  the  isolation  of  equip¬ 
ment  was  unnecessary.  Accordingly,  no  shock  isolation  systems  were  considered  in 
the  design  of  the  early  NIKE-X  facilities. 

As  more  descriptive  prediction  methods  were  developed  and  employed,  however, 
estimates  of  the  shock  severity  were  revised  upward  to  a  level  where,  if  commercial 
grade  facility  equipment  were  to  be  installed  without  modification,  there  would  be 
serious  concern  regarding  its  capability  to  survive.  Estimates  regarding  equipment 
survivability  could  not  be  made  during  the  initial  design  phase  of  a  facility  since 
the  equipment  was  to  be  procured  by  open  bidding  subsequent  to  completion  of  the 
facility  design.  Consequently,  no  data  on  specific  items  of  equipment  was  avail¬ 
able  during  the  initial  planning.  Moreover,  a  survey  conducted  by  the  U.S.  Army 
Engineer  Division,  Huntsville  (USAEDH),  revealed  that  if  a  fragility  level  require¬ 
ment  wafe  imposed  upon  the  equipment  manufacturer,  the  added  cost  of  the  equipment 
would  far  exceed  that  of  protection  by  shock  isolation.  If  equipment  already 
developed,  produced,  and  proven  to  be  capable  of  surviving  given  shock  environment:, 
were  to  be  specified,  USAEDH  also  estimated  that  the  overall  cost  of  the  facility 
would  be  significantly  higher. 

Thus,  early  in  the  SAFEGUARD  program,  a  study  effort  was  initiated  by  USAEDH 
to  identify  the  commercial  equipment  items  which  should  be  isolated,  to  establish 
the  performance  objectives  of  the  isolation  systems,  and  to  formulate  shock  isola¬ 
tion  system  design  and  design  verification  procedures. 

1.2  BACKGROUND. 

Transient  motion  environments  generated  within  most  protective  structures 
by  their  exposure  to  effects  of  nuclear  weapons  are  so  severe  that  shock  protection 
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must  usually  be  provided  for  some  critical  items  of  equipment  and,  often,  L<u 
personnel.  As  in  the  analysis  conducted  by  Uf.AEDH,  the  decision  to  hard  mount 
oi  to  shock  isolate  equipment  usually  is  based  on  considerations  oL  economy. 
Sometimes  it  is  less  expensive  to  shock  isolate  commercial  grade  equi|«nent  than 
to  design  the  equipment  to  survive  hard  mounting.  Even  when  special  equipment 
must  be  designed  to  meet  operational  requirements , the  cost  of  incorporating 
sufficient  ruggedness  to  withstand  the  predicted  motion  environment  is  often  much 
greater  than  that  of  constructing  less  rugged  equipment  and  providing  shock  iso* 
lation.  Further,  the  performance  of  a  properly  designed  shock  isolation  system 
can  be  predicted  with  a  greater  measure  of  confidence  than  can  the  shock  tolerance 
level  of  a  complex  item  of  equipment.  Thus,  the  consideration  of  shock  isolation 
throughout  the  design  of  a  protective  structure  can  have  a  significant  bearing 
on  the  cost  of  the  facility,  the  cost  of  the  special  equipment,  and  on  the  level 
of  confidence  which  can  be  placed  on  survival  of  the  equipment. 

Principles  of  dynamics  describing  the  responses  of  a  shock  isolation  or 
other  dynamic  system  to  an  arbitrary  time  dependent  disturbance  have  been  treated 
extensively  in  literature  and  have  been  applied  to  a  wide  variety  of  dynamical 
systems  of  much  greater  complexity  than  those  of  interest  here.  Despite  thi6 
fact,  experiences  with  shock  isolation  systems  installed  in  earlier  protective 
structures  have  not  been  encouraging.  While  none  of  these  systems  has  ever 
been  exposed  to  a  nuclear  burst,  their  capabilities  during  tests  to  fulfill  their 
primary  functions  of  protecting  equipment  and  their  general  behavior  under  non¬ 
shock  conditions  have  been  disappointing. 

The  problems  encountered  were  not  due  to  a  lack  of  availability  of  basic 
knowledge  of  the  nature  of  the  phenomena,  of  engineering  information  relating 
to  the  materials  and  processes  involved,  nor  of  proven  engineering  design  and 
evaluation  techniques.  Rather  the  problems  arose  simply  because  this  information 
and  these  data  were  not  considered  and  utilized  in  design. 

In  approaching  any  engineering  project,  the  first  and  mo6t  vital  step  is 
to  define  its  objectives.  The  more  completely  and  explicitly  the  objectives  are 
stated,  the  greater  the  probability  will  be  that  they  will  be  achieved.  Formula¬ 
tion  of  a  complete  statement  of  objectives  of  a  shock  isolation  system  requires 
a  comprehensive  understanding  of  the  many  elements  which  comprise  it,  both 
physical  and  dynamical.  While  the  broad  objectives  themselves  may  be  stated  only 
in  terms  of  principal  performance  features  of  the  entire  system,  an  intimate 
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knowledge  of  the  characteristics  of  each  of  ite  elements  as  well  as  those  of  the 
complete  system  is  essential  in  order  to  express  the  objectives  in  tcic.3  of 
general  parameters  of  fundamental  importance. 

If  the  objectives  of  the  system  are  established  completely  and  expliclty, 
the  problem  of  arriving  at  a  design  which  will  fulfill  all  requirements  is  greatly 
simplified.  Obviously,  careful  design  and  design  verification  practices  are 
essential  but  the  objectives  themselves  constitute  the  criteria  against  which  the 
adequacy  of  the  practices  can  be  evaluated.  It  is  believed  that  it  was  the  lack 
of  definitive  objectives  which  lead  to  the  oversights  in  earlier  ehcck  isolation 
system  designs. 

1 -3  SCOPE  OF  STUDY. 

The  purposes  of  the  Parsons  Company  study  effort  were  to  provide  complete 
performance  objectives  and  standard  design  and  design  verification  methods  for 
the  design  of  all  shock  isolation  systems  to  be  installed  in  SAFEGUARD  facilities. 
In  addition  to  minimizing  the  possibility  of  oversights  of  the  type  which  handi¬ 
capped  earlier  system  designs,  these  objectives  and  methods  would  enhance  the 
uniformity  of  systems  to  be  installed  in  facilities  being  designed  by  different 
engineering  contractors.  However,  the  results  of  the  study  were  not  imposed  as 
contractual  requirements  on  the  engineering  contractors  but  were  only  suggested 
by  USAEDH  as  recommended  practices.  Thus,  in  the  actual  designs,  some  deviations 
from  these  practices  do  exist. 

As  the  procedures  outlined  in  the  Parsons  Company  study  effort  were 
developed  specifically  for  use  in  the  design  of  shock  isolation  systems  incorpo¬ 
rated  in  SAFEGUARD  facilities,  attention  was  focused  on  problems  peculiar  to 
SAFEGUARD  designs,  and  examples  used  to  demonstrate  the  various  procedures  were 
selected  from  systems  to  be  installed  in  SAFEGUARD  structures.  The  basic  require¬ 
ments  of  these  systems,  however,  are  no  different  from  those  of  systems  installed 
in  any  other  protective  structure.  Indeed,  the  principles  outlined  in  the  proce¬ 
dure  are  applicable  to  shock  isolation  systems  intended  for  any  service,  although, 
for  some  services,  emphasis  on  each  of  the  design  considerations  may  vary. 

1.4  PREREQUISITE. 

The  results  of  the  study  were  reported  in  Document  No.  SAF-37,  "Develop¬ 
ment  of  Standard  Design  Specifications  and  Techniques  for  Shock  IsolaMon  Syctem", 
ir.  three  volumes,  by  The  Ralph  M.  Parsons  Company  of  Los  Angeles’ »2*15.  This 
manual  edits  and  condenses  the  said  document  and  others’ ”  ,21 in  a  single 
volume.  The  major  task  of  this  manual  was  to  integrate,  improve,  and  standardize 


various  conputer  programs,  primarily  developed  by  Farsons,  into  two  distinct  pro¬ 
grams  ,  ISIP  and  1SIP2.  The  user  of  this  manual  must  possess  adequate  engineering 
knowledge  in  the  applied  field  of  shock  and  vibration,  and  mathematics  to  follow 
the  theoretical  and  practical  treatments  of  the  subject.  Elementary  knowledge  in 
structural  finite  element  techniques  and  matrix  manipulation  may  be  helpful.  Knowl¬ 
edge  in  computer  programming  may  be  useful  especially  in  computer  program  input 
preparation.  A  qualified  engineer  and  programmer  working  together  as  a  team  may 
produce  the  same  results. 

1 .5  MAW PAL  CONTENTS. 

This  manual  is  divided  into  four  p/ntc:  Part  I  contains  the  design  and 
design  analysis  of  the  shock  Isolation  system,  input  shock  motion,  and  platform 
structural  analysis. 

Part  II  discusses  the  computer  programs  developed  for  this  study  -  program 
features,  limitations,  and  input  preparations.  There  are  a  total  of  ten  individ¬ 
ual  computer  programs  which  may  be  executed  independently,  or  continuously  from  one 
program  to  another  in  a  very  flexible,  sequential  manner  provided  by  ISIP  or  ISIF2. 

Part  III  presents  the  complete  listings  of  ISIP  and  ISIP2.  Several  examples 
are  presented  in  Part  IV  for  illuatration  purpose.  Some  of  these  examples  contain 
complete  input  and  output  listings,  while  others  contain  only  input  lists  to  avoid 
redundancy. 
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SECTION  2:  DESIGN  CONSIDERATIONS 


2.1  DESIGN  PROCESS. 

The  process  of  designing  a  shock  isolation  systom  involves  four  major 
tasks.  These  are  to: 

•  Identify  equipment  requiring  isolation 

•  Formulate  explicity  performance  objectives 

•  Select  appropriate  configurations 

•  Verify  by  analysis  or  experiment, or  both, that  tho  selected 
systems  will  fulfill  the  objectives 

As  almost  every  shock  isolation  system  design  will  involve  some  unique 
mechanical  or  performance  requirements  or  limitations,  it  is  futile  even  to 
attempt  to  describe  each  of  these  tasks  by  a  set  of  rigid  ruleB  which  must  be 
applied  in  every  instance.  On  the  other  hand,  considerations  leading  to  the 
formulation  of  a  set  of  specific  rules  can  be  established,  particularly  as  applied 
to  systems  intendod  for  use  in  protective  structures. 

To  arrive  at  anything  near  an  optimum  syetem, the  possible  need  for  shock 
isolation  must  be  considered  early  in  the  design  of  the  facility.  The  isolation 
system  is  just  one  of  many  systems  comprising  the  facility, and  its  interfaces 
with  other  cystoma  can  have  a  significant  impact,  not  only  on  the  general  arrange¬ 
ment  of  the  facility, but  on  the  performance  requirements  of  the  interfacing  systems 
as  well. 

2.1.1  REQUIREMENT  FOR  SHOCK  MOUNTING. 

Tho  first  task  in  the  design  process  is  that  of  determining  whother  or 
not  there  is  a  need  for  shock  isolation.  The  hard  mount/shock  isolate  decision 
is  based  on  three  considerations: 

•  Criticality  of  the  equipment  or  personnel 

•  Strength  cf  the  shock  environment 

•  Shock  tolerance  of  the  equipment  or  personnel 

Only  that  equipment  whose  survival  ie  essential,  to  the  mission  of  the 
facility  need  be  considered  ir.  evaluating  shock  isolation  requirements.  By  com¬ 
paring  the  shock  tolerances  of  the  critical  equipment  with  the  predicted  shock 
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environment ,  the  probable  curvivability  of  these  critical  items  can  be  ovaluatod. 
Obviously,  items  which  can  survivo  can  be  hard  mounted.  1'or  equipment  whose 
tolerances  fall  bolow  the  predicted  environment,  the  choice  can  be  made  between 
ruggedizing  the  item  and  hard  mounting  (increasing  its  shock  tolerance),  or 
providing  chock  isolation  (reducing  the  severity  of  the  environment).  In  some 
cases  it  may  be  found  that  some  combination  involving  both  ruggedizing  and  shock 
isolating  is  the  most  economical  approach. 

Identification  of  Critical  Equipment.  Generally,  not  all  equipment 
installed  in  the  facility  is  vital  to  its  mission  and,  even  in  that  equipment 
which  must  survive,  some  degradation  in  performance  may  be  acceptable.  To  pro¬ 
vide  a  basis  for  easily  identifying  survivability  requirements,  critical  equip¬ 
ment  lists  are  prepared  in  which  all  critical  equipment  is  divided  into  one  of 
three  classes:  Class  I  consists  of  items  which  must  survivo  and  must  continue 
to  function  throughout  attack;  Class  II  includes  all  items  which  must  survivo, 
but  are  not  required  to  function  during  attack;  and  in  Class  III  are  grouped 
those  items  which  are  not  required  to  survive , but  which,  as  a  result  of  exposure 
to  attack,  must  not  form  debris  which  could  be  hazardous  to  Class  1  and  11 
equipment  and  to  personnel.  All  three  classes  of  equipment,  therefore,  must  be 
examined  for  their  possible  need  for  shock  isolation. 

In  assessing  the  need  for  shock  protection,  as  much  supplementary  infor¬ 
mation  as  is  available  should  be  provided  for  each  item,  defining  failure  modes 
and  specifying  quantitatively  the  maximum  permissible  transient  and  permanent 
degradation  in  performance  due  to  shock.  Of  importance,  for  example,  are  such 
factors  as  whether  or  not  Class  11  equipment  must  be  reset  automatically  follow¬ 
ing  shock  or  may  be  reset  by  hand.  In  compiling  the  critical  equipment  lists, 
comprehensive  analyses  of  all  critical  systems  must  be  conducted  beginning  with 
the  performance  tolerances  of  the  weapon  system  as  a  whole. 

Usually  personnel  will  fall  within  either  Class  I  or  Class  II,  that  is, 
they  may  or  may  not  be  required  to  perform  vital  functions  during,  as  veil  as 
following,  attack.  However,  the  possibility  of  damage  to  adjacent  equipment  due 
to  personnel  who  have  lost  their  balance  cannot  be  disregarded. 

There  is  one  other  group  of  equipment  which  may  require  shock  isolation 
even  though  the  tolerance  spectrum  of  the  equipment  is  highor  than  that  of  the 
environment.  Some  equipment,  such  as  rotating  machinery  for  example,  may  generate 
vibrations  60  severe  that  they  must  be  prevented  from  damaging  adjacent  equipment. 
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V/ere  the  vibrating  equipment  to  be  nountod  on  conventio nol  vibration  isolators, 
the  loads  which  would  bo  transmitted  to  the  equipment  durint  shock  could  bo 
disastrous,  Equipment  which  must  bo  vibration  isolated,  therefore,  should  be 
included  with  it  which  must  be  chock  isolatou  oii.co  the  vibration  isolator  nujt 
be  designed  to  fulfill  both  functions. 

Shock  Environment.  The  severity  of  the  shock  environment  to  v/hich  equip¬ 
ment  may  be  exposed  is  usually  expressed  by  a  response  spectrum  of  the  motion 
predicted  to  occur  at  the  structuro/equipment  interface.  The  use  of  a  response 
spectrum  for  this  purpose  has  a  significant  advantage.  As  the  transient  response 
of  the  protective  structure  to  nuclear  weapon  generated  loads  cannot  be  considered 
to  be  unique,  the  spectrum,  which  defines  a  large  family  of  possible  motions,  is 
a  more  appropriate  definition  than  an  explicity  time-history. 

In  the  SAFEGUARD  program,  bounding  spectra  of  structural  motions  have 
been  established  for  various  zones  throughout  each  of  the  major  bulldirco.  These 
spectra  are  envelopes  of  spectra  of  the  response  motions  at  many  locations  v/ithin 
the  appropriate  zone  due  to  a  variety  of  weapon  and  site  conditions.  For  oxample, 
bounding  spectra  of  motions  with  zones  in  the  Missile  Site  Control  Euildlng  (KSCB) 
and  the  Spartan  Launch  Station  are  given  in  References  3  and  4  respectively. 

In  employing  these  response  spectra  to  define  the  severity  of  motions  to 
v/hich  equipment  v/ill  be  exposed,  the  assumption  is  accepted,  deliberately  or  other¬ 
wise,  that  the  disturbance  is  completely  uncoupled  from  the  dynamic  responses  of 
the  equipment  itself.  In  calculating  the  structural  motions  from  which  the  spectra 
were  generated,  equipment  was  modelled  as  rigid  masses  since  the  dynamic  properties 
of  the ' equipment  were  not  known  at  the  time  the  structural  analysis  was  conducted. 
Even  had  they  been  available,  however,  their  inclusion  in  the  dynamic  model  of 
the  structure  would  have  increased  prohibitively  the  complexity  of  the  structural 
analysis . 

V/ here  the  mass  of  the  equipment  is  small  compared  to  the  mass  of  the  local 
structure  which  supports  it,  the  effect  of  the  dynamic  responses  of  the  equipment 
on  the  motion  of  the  structure  will  be  negligible.  Where  the  ratio  of  equipment- 
to-structure  mass  is  high,  however,  the  possibility  of  a  significant  effect  on  the 
base  notion  should  be  re-examined  once  the  dynamic  characteristics  of  the  equip¬ 
ment  are  loiovm. 

Shock  Tolerance.  At  the  present  time,  the  most  commonly  omplcycd  crite¬ 
rion  of  damage  potential  to  equipment  of  a  transient  motion  is  the  response  6pcctrun 
of  the  motion.  While  it  car.  be  shown  rigorously  that  other  parameters,  such  as  the 
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•■plltudcs  and  pfiaee  relation chips  of  the  frequency  components  of  the  motion, 
can  Influence  peak  responses  of  moat  classes  of  practical  systems,  the  spectrum 
does  have  some  significance,  it  is  convenient  to  use  and  it  is  a  decided  improve¬ 
ment  over  the  older  criterion,  peak  acceleration.  Ao  the  damage  potential  of 
the  shock  environment  is  expressed  in  terms  of  a  response  spectrum,  then,  it  Is 
appropriate  that  the  shock  tolerances  of  equipment  be  oxpreosed  in  the  same 
manner.  The  use  of  a  spectrum  to  bound  both  the  severity  of  the  shock  and  the 
tolerance  level  of  the  equipment  greatly  facilitates  the  comparison  of  load  to 
resistance. 

However,  a  unique  shock  tolerance  spectrum  for  an  item  of  equipment  would 
not  only  be  difficult  but  perhaps  impossible  to  determine.  If  tho  tolerance  spec¬ 
trum  is  considered  as  an  upper  bound  of  spectra  of  all  tolerable  motions,  any 
motion  whose  spectrum  exceeded  the  bounding  spectrum  in  any  part  of  the  frequency 
range  would,  by  definition,  produce  damage.  Whether  this  condition  exists  Is 
questionable,  particularly  in  view  of  the  fact  that  the  spectrum  a} one  does  mot 
define  all  parameters  which  influence  the  magnitude  of  responses.  Further,  even 
attempting  to  obtain  experimentally  such  a  bounding  spectrum  would  necessitate 
extensive  shock  touts.  Variations  In  presumable  "identical"  specimens  would  also 
tsmd  to  broaden  tho  margin  ot  uncertainty. 

In  practice,  therefore,  the  "tolerance  spectrum"  of  an  item  of  equlpstent 
is  simply  the  spectrum  of  a  motion  the  item  vill  be  expected  to  survive,  or  of 
the  moot  severe  motion  it  has  survived.  It  is  posolble  that  the  spectrum  of  a 
motion  which  is  lower  than  the  tolerance  spectrum  In  some  part  of  the  frequency 
range  may  have  essentially  the  some  damage  potential  for  the  equipment,  or  that 
tha  equipment  may  survive  motions  whose  spectra  exceed  the  tolerance  spectrum. 

However,  in  employing  the  tolerance  spectrum  in  making  the  hard-moon t/dhoek- 
lsolate  decision,  it  is  assumed  that,  if  in  any  frequency  region,  the  spectrum  of 
the  shock  environment  exceeds  that  of  tho  tolsrancs  spectrum,  either  shock  Isola¬ 
tion  or  ruggedization  will  be  required. 

One  possible  form,  although  not  necessarily  a  typical  one,  of  a  shook 
tolerance  spectrum  for  an  item  of  equipment  le  shown  in  Figure  1-1  where,  in  this 
case,  the  spectrum  coneiste  of  a  line  at  a  constant  response  acceleration 
of  3f.  A  tolerance  spectrum  drawn  in  this  manner  implies  that  the  equipment  will 
survive  a  3g  dynamic  response  in  all  modes.  If  the  lowest  modal  frequency  Is 
estimated  at  10  Hz  based  on  an  observation  of  a  static  deflection  in  this  mod#  of 
0.1  inch  due  to  gravity,  the  portion  of  spectrum  below  a  frequency  range  of  10  Hs 
is  meaningless  insofar  ao  the  survivability  of  the  equipment  is  concerned.  Tb ms, 
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Figure  1-1.  Typical  Equipment  Shock  Tolerance  Spectrum 


in  drawing  a  tolerance  spectrum,  the  spectrum  should  be  terminated  at  the  approx¬ 
imate  lowest  modal  frequency  of  the  equipment. 

If  frequency  response  data  for  the  equipment  are  available  from  tests, 
identifying  the  lowest  frequency  is  a  simple  task.  In  most  design  cases,  however, 
such  data  are  not  available.  In  fact,  usually  at  the  time  the  survivability  of 
the  equipment  must  be  evaluated,  the  equipment  has  been  Identified  only  by  general 
type,  such  as  an  electrical  distribution  panel  of  a  specified  capacity  or  a  motor- 
generator  set  of  a  specified  power  output.  Where  the  equipment  will  bo  designed 
especially  for  use  in  the  facility,  its  tolerance  spectrum  will  be  more  in  the 
nature  of  a  design  goal  rather  than  an  estimate  of  the  resistance  capability  of 
an  existing  item  of  equipment. 
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The  highest  frequency  to  which  equipment  tolerance  spectra  should  be 
defined  is  also  difficult  to  estimate  unless  test  data  are  available.  In 
Figure  1-1  the  highest  frequency  noted  is  100  Hz,  but  this  frequency  should  not 
be  interpreted  necessarily  as  the  upper  limit  of  interest  since  many  items  of 
equipment  may  contain  elements  which  are  sensitive  to  higher  frequency  motions. 

For  example,  tests  have  been  reported  in  which  vacuum  tube  fi  Laments  have  tailed 
and  relay  contacts  chattered  during  relatively  low  amplitude,  500  Hz  input 
motions.  Test  specifications  for  equipment  installed  in  the  M1NUTEMAN  Weapon 
System  called  for  test  motions  to  2.0  kHz  although  this  frequency  was  later  re¬ 
duced  to  1.2  kHz. 

In  the  SAFEGUARD  program  an  upper  frequency  limit  of  interest  in  equip¬ 
ment  shock  survival  has  been  established  tentatively  at  500  Hz,  although  there  is 
some  concern  that  this  frequency  may  be  too  low.  Even  so,  a  frequency 
of  500  Hz  is  not  only  well  above  that  to  which  nuclear  weapons  effects  can  be 
defined  with  any  confidence,  but  also  to  which  responses  of  the  structures  can 
be  calculated. 

Obviously,  then,  the  construction  of  tolerance  spectra  for  equipment  with¬ 
out  the  availability  of  test  data  is  an  operation  demanding  considerable  engineering 
experience  and  will  involve  a  large  measure  of  uncer tainity .  The  direction  of  con¬ 
servatism,  of  course,  is  evident  not  only  for  the  low-  and  high-frequency  limits, 
but  also  for  response  amplitudes.  Yet,  overconservatism  can  lead  to  the  provision 
of  shock  isolation  where  hard  mounting  is  acceptable,  or  vice  versa,  or  to  stringent 
limitations  on  the  low-frequency  dynamic  performance  of  the  isolation  system  which 
could  lead  to  an  unsatisfactory  static  performance. 

Few, if  any, data  are  available  which  can  be  applied  directly  to  establish 
tolerances  of  personnel  to  motions  of  the  types  encountered  in  protective  structures 
as  generated  by  a  shock  isolation  system.  Failure  of  personnel  may  be  defined  as 
the  incapacity  to  perform  a  vital  function  either  during  or  following  an  attach,  or 
as  malfunction  or  damage  to  adjacent  equipment  caused  inadvertently  by  personnel. 
Mechanism  leading  to  damage,  however,  are  many.  Direct  injury  due  to  a  severe 
load,  secondary  injury  caused  by  loss  of  balance,  or  simply  loss  of  balance  could 
result  in  failure. 

Most  tests  conducted  to  date  to  determine  tolerances  of  human  beings  to 
motion  are  concerned  with  vehicular  environments,  either  ground  or  airborne.  Input 
loads  usually  consist  either  of  sustained  high  accelerations  or  prolonged  vibrations, 
the  input  loads  being  applied  along  a  single  axis.  Frequently  the  subject  is 
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restrained.  In  most  o£  the  tests  the  criterion  of  failure  is  direct  injury. 

While  thes<»  data,  summarized  in  Reference  5,  are  not  directly  applicable 
to  the  environments  encountered  in  most  protective  structures,  they  ran  he  em¬ 
ployed  to  obtain  a  gross  indication  of  whether  or  not  personnel  will  sustain 
direct  injury.  However,  these  data  do  not  provide  a  basis  for  determining  the 
type  and  strength  of  complex  motions,  typical  of  those  of  a  shock  isolated  support 
which  the  unprepared,  unrestrained  human  being  can  tolerate  without  losing  balance 
Since  loss  of  balance  under  these  conditions  could  lead  to  injury  or  to  improper 
performance,  it  must  be  classed  as  a  failure. 

In  the  MINUTEMAN  Weapon  System  this  problem  was  resolved  by  supporting 
personnel  on  a  platform  which  was  shock  isolated  to  a  low-level  acceleration, 
attaching  the  chairs  rigidly  to  the  platform  and  providing  seat  belts.  Personnel 
were  not  required  to  perform  vital  functions  during  attack. 

The  problem  has  yet  to  be  completely  resolved  for  the  SAFEGUARD  system. 
Early  proposals  for  investigations  of  measures  to  ensure  personnel  protection^ 

g 

were  discouraged  since  it  was  contended  that  : 

•  Personnel  would  be  given  sufficient  warning  time  to  prepare 
for  the  shock. 

•  Personnel  would  not  be  required  to  perform  vital  functions  during 
attack. 

•  The  level  of  shock  would  be  low. 

9 

Recently  the  validity  of  these  contentions  was  reviewed  and,  while  the  need  for 
shock  isolating  personnel  was  not  anticipated,  provision  of  restraints  for  per¬ 
sonnel  performing  critical  functions  was  recommended. 

In  any  case,  shock  tolerance  spectra  for  personnel  must  clearly  designate 
the  mode  of  failure  and  thus  several  such  spectra  may  be  required.  Where  criti¬ 
cal  functions  must  be  performed  during  or  immediately  following  attack,  whether 
or  not  shock  isolation  is  provided,  it  is  probable  that  some  type  of  support  for 
the  personnel  should  be  provided. 

Hard-Mount  Versus  Shock- Isolate .  The  decision  as  to  whether  or  not  an 
item  of  critical  equipment  will  survive  the  shock  can  be  based  on  a  comparison  of 
the  environment  and  tolerance  spectra  for  that  item.  A  typical  comparison  is 
shown  in  Figure  1-2  where  the  equipment  tolerance  spectrum  of  Figure  1-1  has  been 
reproduced.  Clearly,  in  this  case,  the  equipment  would  not  survive  the  shock 
environment  and  would  require  either  ruggedizing  or  shock  mounting. 
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Figure  1-2.  Comparison  of  Spectra  of  Shock  Environment 
and  Equipment  Shock  Tolerance 


For  equipment  designed  and  constructed  specifically  for  use  in  the  facility 
the  choice  of  whether  to  shock  isolate  or  to  ruggedize  is  largely  a  matter  of  rela¬ 
tive  cost.  Notable  exceptions,  of  course,  are  the  cases  of  personnel  or  of  a 
missile  or  similar  device  where  ruggedization  might  not  be  possible  or  might  de¬ 
grade  performance  to  the  point  where  the  success  of  the  entire  system  would  be 
jeopardized.  But,  in  general,  a  choice  is  offered  not  only  between  these  two  ex¬ 
tremes,  but  also  of  intermediate  approaches  where  both  isolation  and  ruggedizing 
in  varying  degrees  may  be  employed  if  it  appears  to  offer  an  economic  advantage. 
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A  great  deni  of  equipment  installed  in  protective  structures,  and  almost 
all  Tactical  Support  Equipment  (TSE)  ,  however,  is  selected  £i."n  ioitmi.iii.il  j>i  id< 
stock.  As  noted  earlier,  shock  tolerance  data  for  such  equipment  is  almost  non¬ 
existent.  Here  again,  however,  the  choice  is  offered  between  accepting  tin*  equip¬ 
ment  at  whatever  the  level  of  ruggedness  may  be  estimated  to  be  and  reducing  the 
shock  environment  to  this  usually  very  low  level  by  isolation  or  by  imposing  on 
the  manufacturer  a  requirement  for  a  specified  shock  tolerance  and  hard  mounting. 
And  again,  both  isolation  and  ruggedizing  can  be  employed  if  it  appears  to  be 
advantageous . 

There  are  some  important  differences  between  the  use  of  equipment  built 
especially  for  the  facility  and  of  equipment  procured  commercially,  whether  or 
not  it  is  to  be  ruggedized.  The  first  category  consists  almost  exclusively  of 
Weapon  System  Equipment  (WSE)  whose  development  and  test  is  initiated  several 
"ears  before  deployment.  Indeed,  the  schedule  for  completion  of  the  facilities 
is  frequently  based  on  the  date  such  WSE  will  be  available.  Thus,  there  is 
sufficient  time  to  conduct  an  orderly  program  to  ensure  that  the  required  rugged¬ 
ness  goals  are  achieved. 

On  the  other  hand,  TSE,  most  of  which  is  obtained  from  commercial  sources, 
is  rarely,  if  ever,  procured  until  after  construction  of  the  facilities  has  begun. 
Until  this  late  data,  therefore,  the  exact  item  of  equipment  which  will  be  in¬ 
stalled  in  the  facility  is  not  known,  although  the  hard-mount/shock-isolate 
decision  must  be  made  as  early  as  several  years  prior  to  this.  From  the  view¬ 
point  of  conservatism,  then,  it  would  appear  mandatory  that  procurement  packages 
for  TSE  include  a  specification  for  a  minimum  ruggedness  level.  However,  the  very 
short  period  of  time  available  to  the  manufacturer  to  proof-test  hi s  equipment, 
coupled  with  his  uncertainty  as  to  the  ruggedness  of  his  standard  design  and  the 
possibility  of  extensive  modification,  all  prompt  him  to  add  a  significant  pre¬ 
mium  to  his  prices. 

In  the  TITAN  and  M1NUTEMAN  Weapon  System  designs,  the  decision  was  made  to 
accept  the  cost  penalty  and  schedule  delay  invo'ved  in  specifying  a  shock  tolerance 
level  for  TSE.  Tolerance  levels  were  established  on  the  basis  of  estimates  ut 
those  which  commercial  grade  equipment  could  survive  and,  where  these  fell  short 
of  the  predicted  shock  environment,  shock  isolation  was  also  prrvided.  All  manu¬ 
facturers'  equipment  was  required  tr  survive  a  shock  Lest  prior  to  acceptance. 

The  other  approach  was  taken  in  the  SAFEGUARD  design.  No  shock  tolerance 
requirements  were  imposed  on  manufacturers  of  TSE.  On  the  basis  of  estimates  of 
the  shock  tolerances  of  each  general  class  of  equipment  and  on  the  results  of 
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shock  tests  conducted  on  a  few  "typical"  items,  the  liurd-niuuiit/stiock-isnlnLi- 
decision  was  made.  Subsequent  to  the  installation  oi  all  TSE  in  the  first  and 

possibly  the  second  sites,  tests  will  be  conducted  on  all  items  and,  i  J.  indi¬ 

cated,  corrections  made  by  adding  or  deleting  shock  isolation  systems  or  by 
ruggedizing  equipment. 

On  the  basis  of  cost  there  is  probably  very  little  to  choose  between 

the  two  approaches.  In  the  Air  Force  approach,  a  premium  price  must  be  paid 

the  manufacturer  owing  to  his  uncertainty  as  to  the  amount  of  ruggedizing  his 
equipment  will  require.  In  the  SAFEGUARD  approach  some  of  the  shock  isolation 
systems  installed  in  the  first  one  or  two  sites  may  not  be  necessary  and  a  need 
for  ruggedizing  some  of  the  equipment  may  be  indicated  by  the  results  of  the 
shock  tests.  The  addition  of  shock  isolation  systems  in  a  facility  already  con¬ 
structed  will  also  be  more  expensive  than  had  they  been  included  in  the  original 
construction  program.  In  both  approaches,  tests  of  all  items  of  equipment  are 
required. 

The  most  significant  difference  betwee..  the  two  approaches  is  in  the 
time  at  which  a  high  level  of  confidence  can  be  placed  in  survivability.  In  the 
Air  Force  approach  once  the  system  is  activated,  confidence  in  its  survivability 
is  high.  This  same  level  of  confidence  can  be  realized  in  the  SAFEGUARD  approach 
only  after  the  equipment  testing  program  has  been  completed  and  all  required 
modifications  performed  at  sites  already  activated. 

A  technical  disadvantage  of  both  approaches  is  that,  in  order  to  opti¬ 
mize  the  design  of  a  shock  isolation  system,  the  dynamic  characteristics  of  the 
equipment  to  be  isolated  as  well  as  its  ruggedness  level  must  be  known.  However, 
such  data  can  be  obtained  only  by  test  and,  as  in  both  approaches  the  tests  are 
conducted  subsequent  to  the  isolation  system  design,  the  designer  is  faced  with 
the  necessity  for  estimating  them. 

The  three  most  vital  elements  in  the  resolution  of  the  hard-mount/shock- 
isolate  problem  for  commercial  grade  equipment  are  an  early  recognition  of  its 
importance,  the  formulation  of  a  detailed,  realistic  plan  of  approach  in  which 
all  significant  parameters  are  considered,  and  a  rigid  enforcement  of  the  plan. 
The  approach  itself  will  be  strongly  influenced  by  the  level  of  hardness  re¬ 
quired,  by  the  amount  of  TSE  involved,  by  the  availability  of  useful  ruggedness 
level  data  from  earlier  programs,  and  by  schedule  and  cost.  In  almost  every 
case,  however,  the  effort  and  cost  required  to  achieve  a  high  level  of  confidence 
in  the  survivability  of  TSE  will  be  significant  when  compared  with  that  associ¬ 
ated  with  other  elements  of  the  survivability  assurance  program.  If  this  fact  is 
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not  recognized  at  an  early  date,  penalties  either  in  cost  or  in  confidence  level, 

or  in  both,  will  be  inevitable. 

2.1.2  PERFORMANCE  OBJECTIVES. 

Once  the  decision  to  shock  isolate  has  been  reached,  performance  objec¬ 
tives  for  each  system  must  be  established.  Clearly  one  of  the  most  fundamental 
of  the  objectives  is  to  reduce  ths  strength  of  the  shock  environment  as  specified 
by  its  response  spectrum  to  a  level  where  under  no  conceivable  circumstance  can 
the  spectrum  of  the  motion  at  the  equipment  exceed  the  shock  tolerance  spectrum. 
However,  there  are  then  many  other  considerations  which  must  be  satisfied  if  the 
system  is  to  perform  in  an  acceptable  manner.'  Although  all  these  considerations 
are  lumped  here  under  the  heading  of  performance  objectives,  in  fact  they  may  be 
separated  into  four  groups  of  requirements:  those  defining  ths  Interfaces  between 
the  shock  isolation  system  and  the  facility  and  load,  those  specifying  the  output 
performance,  those  specifying  life  requirements,  and  those  specifying  cost  goals. 

Requirements  and  goals  which  must  be  established  for  each  system  include: 

A.  EXTERNAL  INTERFACES 
1 .  Environment 

•  Input  Shock  Motion  -  Input  shock  in  both  frequency  and 

time  domains  are  desirable  in  shock  isolation  design,  and 
design  analysis. 

•  Rattlespace  -  A  practical  but  often  neglected  design  para¬ 

meter. 

•  Vibration  -  The  effect  of  externally  generated  vibration  in 

a  shock  isolation  system  must  be  significantly  reduced 
or  eliminated  for  the  protective  structures  or  equip¬ 
ments. 

•  Other  External  Loads  -  The  performance  objective  must  include 

the  shock  and  vibration  from  every  possible  externally- 
originated  source  such  as  earthquake,  hard-iaounted  rotat¬ 
ing  machlnary  located  In  the  proximity  of  the  isolation 
system  attachments,  pressure  loads  and  vibration  due  to 
circulation  of  air  or  liquid  in  ducts  to  hard-mounted 
equipments  or  structures. 
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•  Temperature  -  The  effect  of  temperature  extreme  upon  isola¬ 

tion  system  performance  may  not  be  neglected. 

•  Contaminats  -  Dust,  humidity,  corrosive  gas  and  similar 

impurities  might  degrade  the  performance  of  the  isola¬ 
tion  system. 

2.  Shock  Isolated  Load  Data 

•  Shock  Tolerance  -  Interaction  among  input  motion  and  all 

elastic  systems  (shock  isolation  system  and  equipment) 
defines  the  "equipment  tolerance  system"  which  is  a 
prime  parameter  in  performance  consideration. 

•  Dynamic  Characteristics  -  As  the  shock  isolated  equipment 

system  is  not  rigid,  and  no  rigidity  is  assumed,  the 
response  of  the  equipment  to  base  motion  is  characterized 
by  resonances  and  antiresonances  which  tend  to  dictate 
the  effectiveness  of  the  base  motion  upon  the  isolation 
system. 

•  Static  Properties  -  The  static  properties,  such  as  the  geometric 

shape  and  size,  weights,  and  weight  distribution,  must  be 
defined  in  the  early  phases  of  design,  although  none  of 
these  properties  are  known  with  certainty.  The  effect  of 
these  properties  on  the  response  of  the  shock  isolation 
system  depends  also  on  the  shock  isolation  system  config¬ 
uration. 

B.  PERFORMANCE 

1.  Dynamic  -  The  fundamental  dynamic  performance  requirement  of  the 

shock  isolation  system  is  to  attenuate  the  shock  environ¬ 
ment  to  the  level  specified  by  an  output  response  spectrum. 
The  magnitude  of  the  output  response  spectrum  must  be  no 
greater  than  the  tolerance  spectrum  of  the  most  vulner¬ 
able  item  of  equipment  which  the  isolation  system  supports. 

2.  Statics  -  Two  basic  static  performance  characteristics  are  the 

static  position  of  the  isolated  equipment  relative  to  its 
surroundings  and  the  stiffness  of  the  system. 
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3.  Reliability  -  The  ultimate  reliability  of  any  sy  tern  or  element 

installed  in  a  protective  structure  Is  the  probability  it  will 
perform  adequately  under  all  expected  environments  during  its 
design  life  period. 

C.  COST 

Initial  and  maintenance. 

D.  LIFE 

In  a  specific  case,  some  of  these  considerations  may  not  be  expected  to  be 
pertinent  but  nonetheless  they  should  be  defined.  Further,  the  list  should  be 
augmented  by  any  special  limitations  or  requirements  which  are  imposed  on  the 
system. 

Frequently  significant  data  to  define  these  requirements  completely  are 
not  available  at  the  time  the  shock  isolation  system  concepts  must  be  drafted. 

In  these  cases,  the  requirement  should  be  estimated  and  a  range  specified  through¬ 
out  which  the  requirement  might  vary.  This  is  almost  always  the  case,  for  example, 
in  describing  the  load  where  even  the  weight  of  the  equipment  and  its  other  static 
properties  will  be  known  only  within  perhaps  +  30  percent.  Even  less  is  usually 
known  about  the  dynamic  characteristics  of  the  equipment. 

Nonetheless,  as  the  shock  isolation  system  design  is  directed  specifically 
toward  meeting  the  stated  performance  objectives,  these  requirements  must  be 
specified  as  completely  and  as  accurately  as  possible.  As  the  facility  design 
progresses,  improvements  in  the  objectives  may  be  made  and  their  impact  in  the 
shock  isolation  systems  evaluated.  Indeed,  the  shock  isolation  system  design  pro¬ 
gram  should  include  provisions  for  reviewing  periodically  the  objectives  and  examin¬ 
ing  the  impact  of  changes  on  the  system  designs. 

2.1.3  SELECTION  OF  CONFIGURATION. 

Development  of  a  satisfactory  shock  isolation  system  configuration,  like 
most  design  processes,  entails  an  iterative  procedure.  Several  concepts  are  con¬ 
ceived  which  appear  to  meet  the  performance  objectives  and,  on  the  basis  of 
engineering  judgement  augmented  by  simple  analyses,  the  most  promising  configura¬ 
tion  is  selected.  More  comprehensive  analyses  are  then  conducted  and,  if  indicated, 
the  configuration  is  modified  and  re-analyzed  until  .satisfactory  performance  is 
achieved.  The  design  is  then  fabricated,  tests  conducted,  and  if  further  modi¬ 
fications  are  required  they  are  incorporated,  and  the  analyses  and  tests  repeated. 
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In  acne  cases,  tecta  are  also  employed  to  obtain  empirical  data  required  ir.  ,v>0 

analysis. 

The  isolation  system  configuration  comprises  all  elements  connecting  the 
structure  and  the  supported  equipment.  Functionally  those  elements  will  conflict 
of  energy  storage  and  energy  dissipative  mechanisms  arranged  in  such  a  fashion 
as  to  support  the  equipment.  These  may  be  augmented  by  structural  members  r.uch 
as  links  and  auxiliary  supports  for  the  equipment.  But  the  entire  assembly 
constitutes  the  shock  isolation  system  configuration.  Characteristics  of  these 
elements  which  dictate  the  response  of  the  system  are  the  transmission  charac¬ 
teristics  of  the 

•  Energy  storage  elements 

•  Energy  dissipative  elements 

•  Auxiliary  members 

Choices  are  available  in  selecting  desirable  transmission  characteristics  for 
each  of  these  three  basic  elements.  Energy  storage  may  be  provided  by  mechanical 
springs,  liquid  springs,  pneumatic  springs,  elastomers,  or  other  devices  each  of 
which  has  some  characteristic  behavior.  Similarly,  for  energy  dissipative  ele¬ 
ments  a  choice  is  available  among  others  of  coulomb,  viscous,  hydraulic,  pneumatic, 
or  friction  devices.  The  transmission  characteristics  of  the  auxiliary  devices 
are  dependent  on  their  inherent  energy  storage  and  dlB6ipative  properties  and  in 
their  kinematic  configuration,  that  is,  the  geometry  of  the  system  connecting  the 
equipment  to  the  hard  structure. 

The  problem  of  selecting  a  satisfactory  configuration,  then,  is  one  of 
choosing  an  auxiliary  structure,  and  energy  storage  and  dissipative  devices  and 
arranging  them  geometrically  such  that,  when  supporting  the  equipment,  all  per¬ 
formance  objectives  are  fulfilled. 

In  recent  years,  considerable  attention  has  been  devoted  by  several  investi¬ 
gators  to  identify  an  "optimum"  shock  isolation  system.  The  criterion  for  optimi¬ 
zation  usually  established  by  the  investigator  applies  only  to  a  specific  kinematic 
configuration  (frequently  a  single  degree-of-freedom  system)  and  consists  of  either 
the  minimum  output  acceleration  which  can  be  achieved  within  a  prescribed  maximum 
relative  displacement  or,  conversely,  the  minimum  relative  displacement  which  can 
be  achieved  for  a  prescribed  peak  output  acceleration.  Clearly,  both  of  these 
criteria  fall  far  short  of  defining  a  system  which  would  meet  the  performance  objec¬ 
tives  considered  as  "optimum"  in  this  study. 
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Urst,  pea*  output  acceleration  alone  is  not  a  meaningful  criterion  of 
the  severity  of  an  output  motion.  Indeed,  it  ie  lor  this  reacon,  that  the  reeponce 
spectrum  has  all  but  replaced  peak  acceleration  as  a  criterion  of  damage  potential 
in  shock  tests.  A  high  acceleration  at  a  low  frequency  may  be  far  Iocs  damaging 
to  an  item  of  equipment  than  a  lower  acceleration  at  j  higher  frequency.  Yet  the 
parameter  frequency,  which  is  of  vital  importance  to  equipment  response,  is  not 
even  included  in  the  definition  of  a  desirable  output  motion. 

Second,  the  kinematic  configuration,  since  it  influences  the  frequencies 
of  the  output  motion,  cannot  be  excluded  from  the  optimization  process.  An  isola¬ 
tor  characteristic  "optimum"  for  one  configuration  may  be  far  from  "optimum"  for 
another.  Further,  since  the  physical  system  will  respond  in  three-dimensional 
space,  the  optimization  procedure  must  consider  all  appropriate  degrees-of-freedom. 
And  last,  other  significant  performance  requirements  such  as  sensitivity  to  off-de¬ 
sign  load  and  to  other  Input  conditions  must  be  considered. 

Several  of  the  optimization  studies  have  compared  performance  of  active 
and  passive  systems  and  concluded  that  significant  improvements  In  performance 
can  be  gained  by  the  use  of  active  systems.  In  these  comparisons,  the  passive 
systems  have  incorporated  only  linear  elements.  For  systems  installed  in  protec¬ 
tive  structures,  however,  even  by  these  limited  performance  criteria  the  reduction 
in  rattlespace  volume  which  can  be  obtained  by  active  isolation  is  only  a  few 
percent  of  the  total.  Further,  equal, if  not  greater,  reductions  can  be  obtained  in 
passive  systems  by  employing  simple,  reliable  nonlinear  isolation  elements  and  by 
a  careful  choice  of  a  suspension  configuration.  Thus,  in  the  study  of  systems  for 
SAFEGUARD  facilities,  only  passive  systems  are  considered. 

While  the  procedure  for  selecting  a  promising  configuration  is  to  a  large 
extent  a  trial  and  error  process,  several  guidelines  ear.  be  established  to  minimize 

the  number  of  iterations.  While  these  guidelines  are  presented  in  some  detail  in 
a  later  section,  briefly  they  are  based  on  the  use  of  simplified  models  in  which 
the  effect  of  each  of  the  major  contributions  can  be  examined  independently. 

2.1.4  DESIGN  VERIFICATION. 

Approach.  The  design  verification  program  for  almost  all  shock  isolators 
must  consist  of  two  parts,  analytical  verification  and  experimental  verification. 

The  analyses  and  experiments  are  not  simply  two  independent  means  for  verifying 
isolation  system  performance  since  neither  the  analyses  nor  the  experiments  alone 
can  provide  this  verification. 
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The  limitation  of  the  analytical  method  is  that  the  high-frequency 
transmission  characteristics  of  the  system  cannot  be  calculated  accuiatelv. 

In  the  low-frequency  range,  an  order  of  magnitude  above  the  fundamental  , 
correlations  ol  analyses  with  experiments  have  been  excellent.  As  the  Irequency 
increases,  however,  not  only  do  the  analytical  techniques  become  less  accurate, 
but  also  the  formulation  of  meaningful  models  and  the  acquisition  of  precise 
engineering  information  becomes  increasingly  difficult. 

The  limitation  of  the  experimental  method  is  the  lack  of  testing  facili¬ 
ties  of  sufficient  capacity  and  capability  to  accommodate  these  systems  and  to 
the  impracticaiity  (although  perhaps  not  impossibility)  of  constructing  such 
facilities.  Tests,  therefore,  must  be  confined  to  components  of  the  system 
where  the  specified  input  can  be  properly  introduced,  or  to  complete  systems 
subjected  to  inputs  different  from  those  specified  for  design. 

The  fact  that  neither  analysis  nor  experiment  alone  can  be  employed  to 
verify  the  shock  isolation  systems,  however,  is  not  considered  to  be  a  serious 
limitation  since  by  employing  both,  a  high  level  of  confidence  in  the  system 
performance  can  be  achieved. 

Table  I  presents  a  chart  which  indicates  how  analyses  and  experiments 
can  be  combined  to  verify  the  performance  of  a  shock  isolation  system  throughout 
the  required  frequency  bandwidth.  The  analyses  and  experiments  shown  are  not  the 
only  combinations  which  can  be  used  to  verify  the  design  nor  does  the  chart  in¬ 
clude  the  secondary  analyses  and  tests  used  to  facilitate  design  or  to  provide 
engineering  data.  However,  the  tests  and  analyses  shown  in  Table  I  would 
constitute  a  complete  verification  program. 
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ANALYSES  AND  TESTS  TO  VERIFY  PERFORMANCE 
OF  SHOCK  ISOLATION  SYSTEMS 


2.2  DESIGN  ASP  ANALYSIS  3ZQUIREMENTS  SUMKADr. 

2.2.1  GENERAL. 

Objective.  Thic  design  requirement  is  intended  to  ensure  completeness 
and  to  establish  uniformity  in  the  design  and  design  analysis  of  ell  check 
isolation  systems  protecting  Technical  Support  Equipment  (TOE)  throughout  the 
SAFEGUARD  facilities,  or  similar  applications. 

Scone.  This  design  requirement  shall  apply  to  all  shock  isolation  systems 
for  TSE  including  individual  and  platform  mounts,  pendulum  and  under- floor  supports. 
The  requirements  define  the  performance  of  the  shock  isolation  systoms,  the  design 
details  of  the  shock  Isolation  system  components,  the  dynamic  analysis  require¬ 
ments  and  the  analysis  procedures. 

Approach.  The  damage  potential  of  an  input  motion  to  equipment  whether 
shock  isolated  or  hard  mounted  can  better  be  described  by  a  response  spectrum 
than  by  a  maximum  acceleration.  This  assumption  applied  to  shock  isolated  equip¬ 
ment  is  consistent  with  the  specifications  of  input  motions  to  all  hard  mounted 
equipment  for  the  SAFEGUARD  system  and  thus  provides  a  unified  approach. 

2.2.2  PERFORMANCE. 

DEFINITION  OF  INPUT 

Shock  Spectra.  Envelopes  of  the  shock  spectra  of  time-motion  histories 
of  all  node  points  considered  in  the  dynamic  analyses  of  the  SAFEGUARD  structures, 
and  lying  within  a  specified  zone,  shall  constitute  the  basic  definition  of  the 
shock  environment  for  all  shock  Isolation  systems  whose  attachments  to  the  struc¬ 
ture  lie  within  that  zone.  In  constructing  enveloping  spectra  of  the  horizontal 
notions,  spectra  of  all  such  motions  within  the  zone  shall  be  included  within  the 
envelope,  regardless  of  the  azimuthal  direction.  For  both  vertical  and  horizontal 
spectra,  the  relative  displacement  shall  be  assumed  as  a  consistent  k  Inches 
relative  displacement  line  below  a  frequency  of  2  Kz. 

Time-Motion  Histories.  Where  time-motion  histories  are  required  in  the 
dynamic  response  analyses  of  shock  isolation  systems,  one  vertical  and  one  hori¬ 
zontal  acceleration  waveform  shall  be  synthesized  whose  response  spectra  envelope 
the  appropriate  design  spectra  for  that  zone.  The  synthesized  waveform  shall 
consist  of  a  series  of  sinusoidal  components  of  appropriate  frequencies  whose 
amplitudes  first  increase  and  then  decrease  in  time.  The  amplification  ratio 
of  each  sinusoidal  component  shall  be  established  such  that  it  approximates  the 
median  ratio  at  the  corresponding  frequency  of  those  motions  calculated  for  the 


1-24 


node  points  in  the  appropriate  zone.  The  maximum  bandwidth  of  frequencies 
over  which  the  spectrum  shall  be  enveloped  shall  extend  from  not  more  than  1/2 
of  the  lowest  frequency  of  the  isolation  system  being  analyzed  to  not  less  than 
5  times  the  highest  frequency  of  the  model.  Where  motion-time  histories  result¬ 
ing  from  the  dynamic  analysis  are  available  which  completely  populate  the  spectra 
for  the  zone  under  consideration  for  shock  isolation,  they  may  be  used  in  lieu 
of  a  synthesized  waveform.  A  recommended  waveform  synthesis  procedure  is  de¬ 
scribed  in  Section  6. 

Attenuation  Requirements.  A  response  spectrum  of  the  maximum  attenuated 
shod:  motion  at  any  location  on  a  shock  isolated  item  of  equipment  or  u  shock 
isolated  platform  is  shown  in  Figure  1-3-  This  requirement  applies  to  both  verti¬ 
cal  and  horizontal  components  of  the  response  motion.  If  this  requirement  cannot 
be  net  at  any  frequency  within  a  range  of  0.1  to  500  Hz, permission  for  such  a 
deviation  must  be  obtained  from  the  U.S.  Army  Engineer  Division,  Huntsville,  Corps 
of  Engineers  (HKD). 

Rattlespace  Allowance.  For  purposes  of  defining  required  clearances  and 
overall  space  envelopes,  a  minimum  rattlespace  envelope  shall  be  established  for 
each  shock  isolation  system  on  the  basis  of  the  maximum  relative  displacement 
calculated  in  a  dynamic  analysis  of  the  system  plus  an  additional  allowance  of 
23%  of  the  maximum  calculated  relative  displacement, but  not  lees  than  onu  inch  ir. 
each  direction. 

Flatforc  Position  Recovery.  All  shock  isolated  systems  shall  return  after 
a  dynamic  disturbance  of  design  strength  to  within  3%  of  the  initial  vertical 
static  deflection  or  horizontal  position. 

2.2.3  DESIGN  DETAILS. 

System  Configurations.  Shock  isolation  systems  shall  be  configured  in 
ouch  a  manner  as  to  minimize  rattlespace,  minimize  coupling  botween  modes,  avoid 
large  non-linearities,  and  make  maximum  use  of  elements  whose  dynamic  charactet io- 
ticc  are  readily  predictable  or  can  be  verified  in  simple  tests. 

All  shock  isolation  system  components  shall  be  designed  to  remain  within 
the  elastic  limit  of  the  materials  when  oxposed  to  the  maximum  calculated  dynari: 
forces. 

Cyst cm  Component  -  Shock  Isolated  Platform.  All  shock  icolatcd  platforms 
shall  be  designed  to  allow  the  fabricator  the  option  of  constructing  the  platform 
in  segments  and  assembling  it  in  place  with  minimum  f,eld  work.  Splicing  and 
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Maximum  Spectra  of  Attenuated  Shock  Environment 


other  details  shall  to  specified  in  the  drawings  to  ensure  that  any  Tiold-asscmbiod 
modules  preserve  the  structural  integrity  and  stiffness  of  the  original  platform. 


Equipment  shall  to  attached  to  platforms  through  major  structural  members 
or  through  special  stiffeners  which  will  transmit  the  load  to  major  structural 
members. 

All  platforms  shall  be  treated  with  a  hich  frequency  energy  dissipative 
media  such  as  undercoating  or  interface  damping  materials  which  can  be  demonstrated 
to  reduce  substantially  the  persistence  of  motions  in  the  80  to  500  Hz  frequency 
range. 

Platforms  whose  free-field  frequency  in  the  fundamental  elastic  node  is 
equal  to  or  greater  than  four  times  the  highest  rigid  body  mode  of  the  suspension 
systen  may  be  assumed  to  be  rigid  in  calculating  system  responses.  For  the  pur¬ 
pose  of  estimating  the  suspension  system  frequencies,  coupling  between  nodes  of  the 
suspension  system  may  be  neglected. 

System  Component  -  Isolators.  Isolators  shall  be  specified  or  designed  to 
minimize  the  transmission  of  motions  in  all  directions  except  axial  and  at  all  fre¬ 
quencies  in  the  axial  direction  above  the  fundamental  of  the  unit. 

Isolator  types  shall  be  chosen  on  the  basis  of  the  most  economical  which 
can  meot  all  of  tho  requirements  as  set  forth  herein.  Aa  a  general  guide,  consid¬ 
eration  shall  be  given  to  the  use  of  elastic  elomento  of  shock  isolators  of  the 
types  shown  in  Table  II  for  the  various  load  ranges. 

TABLE  II 

SHOCK  ISOLATOR  ELASTIC  AND  DISSIPATIVE  ELEMENTS 


Static- 
Load  Range 

Lb. 

Type  of  Element 

Elastic 

Dissipative 

0-200 

Wire  Spring  or  Elastomer 

Elastomer 

200-3000 

Wire  Helical  Spring 

(see  below) 

3000- above 

Air  Spring 

(see  below) 

Energy  Dissipative  Element.  All  shock  isolators  shall  be  provided  with 
an  energy  dissipative  element  equal  in  magnitude  to  not  less  than  10  pei cent 
equivalent  viscous  critical  damping  at  the  nominal  load.  The  type  of  element 
tor  the  0-200  lb.  range  isolator  shall  be  elastomei i c .  For  the  200  lb.  range 

and  above,  the  dissipative  element  shall  be  of  a  near-viscous  type  such  as  aii 
or  fluid  damper  or  an  air  orifice.  All  damping  elements  shall  meet  the  platform 
position  recovery  requirement. 

Ad  justment.  Provisions  shall  be  incorporated  in  the  isolator  or 
isolator/connector  assembly  to  permit  levelling  under  the  extremes  of  all 
load,  center  of  gravity  and  stiffness  tolerance  conditions.  A  graduated 
scale  and  pointer  shall  be  installed  on  each  adjustment  device,  or  if  ballast 
is  used,  on  each  isolator  to  indicate  the  distance  of  the  platform  at  that 
location  from  the  nominal  horizontal  plane  of  reference. 

Specifications .  Specifications  for  each  isolator  shall  include 
the  following  data. 

(a)  Maximum  dynamic  axial  displacement  plus  over-travel 
allowance  (tension  and  compression). 

(b)  Maximum  dynamic  side  load. 

(c)  Nominal  installed  load  and  tolerance. 

(d)  Maximum  Stroke. 

(o)  Nominal  stiffness  and  tolerance. 

(f)  Adjustment  from  nominal  position  (if  included  in  isolator). 

(g)  Damping,  permissible  types  and  maximum  damping  force  at 
stated  conditions. 

(h)  End  fitting  details.  (See  below) 

(i)  Maximum  overall  isolator  length  and  width  dimensions. 

Isolator /Platform/Structure  Attachments .  Attachments  of  pendulum 
isolators  and  connectors  to  platforms  or  to  hard  structure  shall  consist  of 
spherical  ball  fittings  or  double  pin  universal  joints  of  standard  designs  and 
sizes  as  specified  by  HND.  For  base  mounted  isolators,  attachment  connections 
will  be  dependent  on  the  type  of  system  employed. 
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Connectors  between  isolators  and  platforms  or  hard  strut  tore  ; ha  11 
be  designed  to  minimize  the  transmission  of  high  frequency  motions. 

2.2.4  ANALYSIS  REQU  I  REWEN'l  S . 

Analyses  to  verify  the  structural  integrity  and  dynamic  performance  of 
the  shock  isolation  system  shall  consider  these  tolerance  and  input  conditions 


SYSTEM  TOLERANCES 

Maximum  and  Minimum  Weights.  All  platform  weights,  ,  shall  be 
assumed  to  vary  from  the  nominal  by  not  less  than  +2  percent  and  all 
supported  equipment  weight,  Wg,  shall  be  assumed  to  vary  by  not  less  than 
+10  percent  from  the  nominal , which  includes  +5  percent  for  estimating  error 
and  percent  fur  subsequent  change  of  weight.  If  ballast  is  to  be  employed 
to  obtain  static  balance,  its  weight,  W^, shall  be  added  to  the  above  maximum 
weight. 

Then  the  maximum  weight  to  be  considered  in  the  dynamic  analyses 
shall  not  be  less  than 


W 

Max 

nor 


=  1.02  W  t  1,1  y  +  WD 
p  e  B 

the  minimum  weight  greater 


than 


Ww  =  0.48  VJ  +  0.4  Vi 
Min  p  e 

Variations  in  Load  Location.  Changes  in  the  location  of  the  center 
of  gravity  of  the  weights  shall  be  based  on  these  tolerances: 

Platform.  The  center  of  gravity  of  supporting  platforms  shall  be 
assumed  to  vary  from  the  nominal  location  in  each  of  the  three  principal 
orthogonal  directions  by  +^3  percent  of  the  major  platform  dimension  in  the 
corresponding  direction. 

Equipment.  The  center  of  gravity  of  shock  isolated  equipment, 
supported  on  platforms  or  individually,  shall  be  assumed  to  vary  from  its 
estimated  location  in  each  of  the  three  principal  orthogonal  directions  by 
+10  percent  of  the  major  dimension  in  the  corresponding  direction.  This 

i  ' 

requirement  may  be  relaxed  if  manufacturers’  guarantees  of  closer  tolerances 
are  available.  The  mass  effects  on  the  motion  of  the  shock  isolation 
systems  of  electrical  cables  and  piping  connections  to  the  equipment  shall  be 
considered  in  estimating  nominal  equipment  weights. 
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Lsolator  Stiffness.  Tolerances  on  the  stiffnesses  of  isolator*, 
shall  be  determined  from  manufacturers'  guarantees, or  if  detailed  on  facility 
dtawings,  from  calculations  based  on  the  accumulative  indicated  l*>l«-i  am  *  s . 
Recommended  maximum  permissible  tolerance's  are: 

Elastomers  _+!  r>  percent  of  nominal  value 

Wire  Helical  Spring  +  10  percent  of  nominal  value 

Air  Springs  Adjustable  to  within  +1/2  percent  oi 

nominal  value 

Static  Balance  Adjustment.  Static  adjustments  shall  be  provided 
in  all  isolation  systems  to  return  the  isolated  equipment  or  platforms  to 
the  nominal  level  position  under  the  most  adverse  tolerances  of  weight, 
center  of  gravity  location  and  isolator  stiffness  tolerances  specified  in 
the  preceding  paragraphs, plus  an  additional  allowance  of  +1/4  inch.  The 
sensitivity  of  the  adjustment  and  indexing  methods  shall  be  sufficient  to  permit 
leveling  of  the  equipment  or  platform  within  +5  minutes  of  arc  without  recourse 


to  external  leveling  tools.  A  placard  detailing  the  adjustment  instructions 
shall  be  permanently  attached  to  each  shock  isolation  system. 

Input  Shock.  Design  analyses  of  shock  isolation  systems  shall 
consider  these  input  shock  conditions: 

Phasing.  The  design  vertical  and  the  uni -directional  design 
horizontal  shock  motions  shall  be  considered  to  act  simultaneously  and  in 
phase  at  each  attachment  of  the  shock  isolation  system  to  the  hard  structure. 

Direction.  The  azimuthal  direction  of  the  horizontal  shock  motion 
shall  be  varied  such  that  critical  responses  of  the  shock  isolation  system 
are  identified. 


2.2.5 


ANALYSIS  PROCEDURES. 


Systems  to  be  Analyzed.  Dynamic  Analysis  shall  be  conducted  on 
each  isolation  system  except  : 


(a) 


(b) 


Only  one  analysis  need  be  conducted  on  identical  units  if 
the  most  severe  input  motion  is  considered  in  the  analyses. 

Only  one  analysis  need  be  conducted  on  similar  types  of 
units  provided  it  can  be  shown  by  other  means  that  the 
responses  of  the  other  unit  of  that  type  will  be  less  severe. 
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ANALYTICAL  MODELS 


Complete  System.  Selection  of  the  shock  isolation  system  configuration 
to  be  analyzed  shall  be  based  on  the  following  slept,: 

(a)  The  platform  and/or  equipment  system  shall  first  be 
assumed  to  be  at  the  nominal  weight,  center  of  gravity 
location,  and  center  of  stiffness  location. 

(b)  The  center  of  gravity  shall  then  be  assumed  to  be  shifted 
to  an  extreme  corner  of  the  center  of  gravity  tolerance 
parallepiped. 

(c)  The  center  of  stiffness  variation  shall  then  be  calculated 
which  will  place  the  center  of  stiffness  at  the  maximum 
distance  from  the  center  of  gravity. 

(d)  Calculate  the  maximum  and  minimum  weights  of  the  system 
(exclusive  of  ballast). 

(e)  Using  first  the  maximum  weight  and  then  the  minimum  weight, 
and  using  the  adjustment  procedure  specified  by  the 
designer,  statically  balance  the  platform  to  10  minutes 

of  arc  of  a  level  position.  (Note  that  if  ballast  is 
employed,  the  center  of  gravity  will  shift  and  the  ballast 
weight  must  be  added  to  the  platform  weights.  If  air- 
filled  isolators  are  employed,  the  center  of  stiffness 
will  shift . ) 

(f)  The  three  possible  configurations  which  shall  then  be 
analyzed  for  dynamic  responses  shall  be: 

1.  Maximum  platform  and/or  equipment  weight  (plus  ballast 
if  used)  and  maximum  eccentricity  of  center  of  gravity 
and  center  of  stiffness. 

2.  Minimum  platform  and/or  equipment  weight  (plus  ballast 
if  used)  and  maximum  eccentricity  of  center  of  gravity 
and  center  of  stiffness. 

3.  Minimum  platform  and/or  equipment  weight  with  center 

of  gravity  and  center  of  stiffness  at  nominal  locations. 
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Isolators  and  Other  Connecting  Links  to  Hard  Structure.  To 
determine  the  frequency  transmission  characteristics  in  higher  modi s 
of  the  isolators  and  other  connecting  links  between  the  shock  isolated  item 
and  the  hard  structure,  detail  analytical  models  may  he  constituted. 

Required  Analysis.  Figure  1-4  shows  the  sequence  of  required 
analysis  which  will  establish 

(a)  Low  frequency  range  of  the  attenuated  response  spectra. 

(b)  Rattlespace  requirements. 

(c)  Isolator  specification  data. 

Platform  Modal  Analysis  (if  platform  is  employed).  This  analysis  is 
performed  to  determine  the  first  mode  frequency  and  to  assure  proper  separation 
of  frequencies  of  first  six  or  eight  modes.  On  the  basis  of  this  analysis  the 
decision  shall  be  made  as  to  whether  or  not  the  platform  may  be  considered  as 
being  rigid.  A  computer  program,  1SIP2,  is  available  for  the  analysis. 

Platform/Isolator  System  Elastic  Analysis.  If,  on  the  basis  of 
the  criteria  of  Section  2.2.3,  the  platform  cannot  be  assumed  to  be  rigid, 
and  the  isolators  and  the  suspension  configuration  are  linear,  a  modal 
analysis  shall  be  conducted  to  establish  the  responses  of  the  complete 
platform/isolator  system.  (Computer  program  ISIP2  can  be  used  for  the  analysis  1. 

Platform/Isolator  System  Non-linear  Analysis.  If,  on  the  basis 
of  the  criteria  of  Section  2.2.3,  the  platform  cannot  be  assumed  to  be 
rigid,  but  the  isolators  or  suspension  configuration  is  non-linear,  the 
responses  of  the  system  shall  be  determined  by  a  direct  integration  of  the 
equations  of  motion  for  the  complete  system. 

Rigid  Platform  Analysis.  If,  on  the  basis  of  the  criteria  of 
Section  2.2.3,  the  platform  can  be  assumed  to  be  rigid,  and  the  isolators 
and  suspension  systems  are  linear,  either  a  six  degree -of -freedom  modal 
analysis  or  a  direct  integration  may  be  employed  to  calculate  dynamic 
responses.  If  the  isolators  or  suspension  systems  are  non-linear,  the  direct 
integration  of  equation  will  be  required.  Computer  programs  (ISIP  and/or  IS0L) 
are  available  for  pendulum  suspension  system,  base  mounted  system, and  for 
two  types  of  non-linear  under-floor  mounts. 
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Figure  1-4.  Design  Analysis  Procedure 


Isolators  and  Connecting  Links.  Detail  analysis  of  min  . . up |<o, 

models  of  the  isolator  and  connecting  link  assemblies  shall  be  conducted 
if  necessary  to  define  the  axiaL  and  transverse  frequencies  in  higher  mode 
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SECTION  3:  SHOCK  ISOLATION  DESIGN  FUNDAMENTAL 


3.1  SYSTEM  CONFIGURATION  CRITERIA. 

3.1.1  OPTIMUM  SYSTEM. 

On  the  basis  of  requirements  discussed  earlier,  the  optimum  shock 
isolation  system  can  be  described  as  one  which  will  transform  any  and  all  of 
a  family  of  input  shock  motions,  bounded  principally  by  a  limiting  response 
spectrum,  to  motions  whose  response  spectra  do  not  exceed  the  tolerance 
spectra  of  the  equipment  to  be  isolated.  This  transformation  must  be 
accomplished  despite  the  fact  that  the  static  and  dynamic  properties  of  the 
equipment  are  definable  usually  only  within  broad  ranges  of  possible  values, 
and  that,  in  some  cases,  these  properties  may  be  variable  In  time.  Further, 
the  system  must  fulfill  certain  static  performance  requirements  and  must 
have  a  long  life,  low  total  cost,  and  high  ultimate  reliability. 

In  this  section,  the  most  significant  relationships  between  performance 
objectives  and  configuration  characteristics  are  discussed.  Emphasis  Is  placed 
on  identifying  what  the  system  must  do  to  meet  the  performance  objectives  and 
how,  with  available  hardware,  this  may  be  accomplished. 

3.1.2  THE  BALANCED  SYSTEM. 

Criteria.  One  of  the  two  most  Important  objectives  in  selecting 
a  shock  isolation  system  configuration  is  that  of  achieving  dynamic  balance. 
Balance  is  simply  that  property  of  the  system  which  requires  it  to  respond  to 
a  transient  input  force  or  moment  only  in  the  same  direction  as  that  oi  the 
input.  For  example,  if  the  Input  is  a  force  applied  vertically,  the  balanced 
system  will  respond  by  translating  only  vertically,  or  if  the  input  is  a 
moment  about  a  given  axis,  the  system  will  rotate  only  about  that  same  axis. 

Advantages  of  a  balanced  system  are  that  it  will  traverse  a  minimum 
volume  during  its  oscillations  and  also  generate  a  minimum  strength  output 
motion.  These  advantages  are  the  direct  result  of  the  fact  that,  in  a 
balanced  system,  its  modes  of  oscillation  in  facility-oriented  coordinates 
are  uncoupled.  In  large  systems,  small  angles  of  rotation  can  result  in 
large  translations  at  extreme  locations  from  the  center  of  mass. 
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Since  in  protective  structures  the  rotational  component  of  the  input  Is 
small,  it  is  of  particular  importance  to  avoid  system  configurations  in 
which  the  rotational  modes  are  coupled  to  the  translational  modes. 

Balance  in  a  shock  isolation  system  can  be  achieved  by  selecting  a 
configuration  such  that  the  principal  elastic  axes  and  the  principal  inertia 
axes  of  the  system  coincide.  Principal  elastic  axes  of  a  system  are  those 
axes  along  which  the  system  will  deflect  colllnesrly  with  an  applied  force 
with  no  rotation.  Principal  inertia  axes  are  those  about  which  the  products 
of  inertia  vanish.  Obviously  then,  if  they  coincide,  the  origin  of  both  sets 
of  axes  must  lie  at  the  mass  center. 

A  second  objective  in  selecting  the  Isolation  system  configuration  is 
to  ensure  that  the  coordinates  of  the  dynamically  balanced  system  are  coincident 
with  those  of  principal  importance  in  the  environment;  that  is,  with  those  of 
the  building  in  which  the  system  is  installed.  If  this  second  requirement 
can  also  be  met,  the  isolation  system  will  not  only  produce  a  minimum  output 
motion  environment  but  will  also  occupy  the  minimum  useful  space  within  the 
structure. 

All  protective  structures,  if  not  all  structures,  are  designed  with 
respect  to  gravity  axes,  that  la,  walls  are  parallel  to  the  direction  of 
gravity  and  floors  are  perpendicular  to  this  direction.  Efficient  usage  of 
the  space  within  these  structures  then  dictates  that  occupied  volumes  be 
oriented  in  the  same  coordinate  system,  thus ,  not  only  must  the  isolation 
system  be  balanced  dynamically  to  occupy  the  minimum  space,  but  this  space 
must  be  oriented  with  respect  to  the  facility  to  ensure  that  it.  is  also  the 
minimum  useful  space.  To  achieve  this,  the  dynamical  axes  must  be  alined 
with  the  gravity  axes  of  the  syatam  when  the  system  is  in  its  equilibrium 
position. 

A  simple  planar  model  of  a  balanced  system  is  shown  in  Figure  1-5. 

Here  the  equipment  is  supported  about  its  center  of  mss  by  eight  identical 
elastic  elements  symmetrically  located.  Assuming  that  all  displacements  will 
be  small, so  that  the  change  in  length  of  the  horizontal  and  vertical  elements 
is  small  for  vertical  and  horizontal  displacements,  respectively  of  the  center 
of  mass,  a  force  applied  at  the  center  of  mss  in  the  X-directlon  will  be 
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accompanied  only  by  a  translation  of  the  center  of  inass  in  that  direction. 
Similarly,  a  force  in  the  Y-direction  will  cause  a  pure  translation  in  tin-  Y- 
d i rec L ion, and  a  moment  applied  at  the  center  ot  mass  wilt  produce  a  pure 
lotation.  Tims,  the  X  and  Y  coord  i  uu  I  es  art'  the  principal  elasl  u  axes. 

if  the  mass  of  the  equipment  is  distributed  uniformly  throuy.liou t  its 
volume,  the  X  and  Y  coordinates  are  also  the  principal  inertia  axes.  Thus  the 
system  is  completely  balanced. 

Another  example  is  shown  in  Figure  1-6  in  which  balance  in  only  the 
vertical  direction  is  considered.  The  load  consists  of  three  items  of 
equipment  weighing  (from  left  to  right)  W,  W,  and  2W  pounds,  the  equipment 
being  connected  by  rigid  massless  bars.  The  system  is  supported  from  hard 
structure  by  two  elastic  elements,  R^  and  R  .  To  satisfy  static  equilibrium, 
Rl  =  2.4W  and  R2  =  1.6W. 
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Figure  1-5.  Planar  Model  of  Statically  Balanced  System 


Figure  1-6.  Planar  Model  of  Static  Balanced  Beam 


Suppose  now,  that  a  force  is  applied  downward  at  the  center  of  mass. 
To  maintain  static  equilibrium,  the  forces  in  elements  R^  and  R^  must  be 
increased  in  proportion  to  the  load  these  elements  carried  initially,  that 
is  ARj  -  0. AF,  where  1  is  the  applied  fotce,anJ  0.41.  II  the  piincipal 

elastic  axis  is  to  pass  through  the  mass  centei ,  and  no  rotation  is  to 
result  from  the  application  of  the  force,  these  incremental  forces  In  R^  and 
R^  must  occur  as  a  result  of  an  increase  in  their  length  by  the  same 
displacement, AX.  Thus,  the  ratio  of  stiffness  of  element  R^, to  stiffness 
K2  of  element  R^must  be 


kl  ar^ax  ari  rl 

=  AR2/AX  £T2  =  R^  1,5 

If  the  stiffnesses  of  the  elastic  elements  are  fixed  in  proportion  to 
the  loads  they  support,  the  principal  elastic  axis  will  pass  through  the  mas6 
center . 

Suppose  that,  instead  of  a  unit  force,  a  unit  moment,AM  ,is  applied  in 
the  clockwise  direction  at  the  center  of  mass.  The  decrease  in  force  in  the 
element  R^  is  AR^  =  -AM/L,  and  the  increase  in  force  in  R2  is  AR,>  =  +AM/L.  A 
pure  rotation  of  the  system  about  the  center  of  mass  will  require  that  the 
relationship  between  the  incremental  displacement  AX^  at  R^,  and  the  incremental 
displacement  AX2  at  R2,is 


Then  the  required  stiffness  of  the  elastic  element  for  static  balance 
in  rotation  is 


K 

K 


1 

2 


-AM 

-AM 

R1L 


1.5 


or  precisely  the  same  ratio  as  that  required  above. 


1-39 


Although  the  masses  are  not  distributed  symmetrically  about  tlv 
mass  center,  since  they  are  alined  collinearly,  one  ptincipal  inertia  axis 
will  lie  along  the  beam  and  the  other  in  the  plane  of  the  paper  orthogonal 
to  it.  Thus,  the  system  is  balanced. 

Minimizing  Coupling  Effects.  However  desirable  a  dynamically 
balanced  system  may  be,  the  fact  remains  that  if  balance  is  highly  dependent 
on  properties  of  the  load  and  if  these  properties,  such  as  mass  and  mass 
distribution  can  be  defined  only  within  broad  ranges,  the  probability  that 
imbalances  will  occur  must  be  accepted,  and  provisions  made  for  offsetting 
them.  Two  general  methods  can  be  employed:  First,  the  effects  of  moderate 
amounts  of  coupling  can  be  minimized  by  the  proper  selection  of  system 
parameters,  and  second,  adjustments  can  be  incorporated  in  the  system  to 
restore  it,  at  least  in  part,  to  its  balanced  condition. 

Three  general  approaches  can  be  employed  to  minimize  the  effects  of 
coupling  due  to  imbalance.  First,  the  frequencies  of  all  six  uncoupled 
frequencies  in  the  system  coordinates  should  be  separated  such  that  they 
avoid  direct  resonances.  Since  the  mass  and  mass  distribution  of  the  load 
may  vary,  in  some  cases  the  frequencies,  the  separation  of  frequencies 
should  be  maintained  over  the  expected  range  of  load  variations.  Actually, 
this  approach  is  simply  a  restatement  of  the  requirement  for  dynamic  balance 
as  separation  of  these  frequencies  will  reduce  the  coupling.  Second,  extremely 
low  stiffnesses  in  the  rotational  modes  should  be  avoided.  While  increasing 
these  stiffnesses  will  add  higher-frequency  components  to  the  system  responses, 
the  amplitudes  of  these  rotational  modes  should  be  relatively  low,  if  the 
svstem  is  properly  balanced,  as  there  is  little  rotational  energy  introduced 
directly  into  them.  An  important  effect  of  these  higher  stiffnesses  is  to  lower 
the  displacements  in  the  rotational  modes  for  a  given  amount  of  energy 
introduced  into  them. 

There  are  other  advantages  of  maintaining  high  rotational  frequencies. 
For  example,  it  was  noted  in  the  performance  objectives  that  friction  forces 
could  cause  residual  inclinations  of  the  load  under  static  conditions.  The 
higher  the  frequency  in  rotation,  the  less  these  inclinations  will  be  for  a 
given  friction  force.  Another  advantage  of  high  rotational  stiffness  is  that 
it  reduces  inclinations  in  cases  where  the  load  position  may  vary  in  time, 
such  as  where  personnel  are  free  to  move  about  the  floor. 
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The  third  approach  by  which  the  effects  of  coupling  can  be  reduced 
is  bv  installing  energy  dissipative  devices  in  the  coupled  energizing  modes 
Fur  example,  if  energy  can  be  transmitted  to  a  rotational  mode  only  through 
its  coupling  to  a  translational  mode,  a  rapid  attenuation  of  motion  in  the 
translational  mode  by  damping  will  reduce  the  amount  of  energy  transferred. 
As  damping  is  also  required  in  the  system  to  meet  other  performance 
requirements,  its  use  for  this  purpose  does  not  add  to  cost  or  complexity. 


Ad  jus  tmen t .  Even  though  all  of  the  methods  described  above  for 
minimizing  the  effects  of  coupling  are  utilized,  variations  in  mass  and  mass 
distribution  and  in  system  properties  may  be  so  great  that  the  system  must 
be  provided  with  an  adjustment  capability  to  return  the  system  to  a  condition 
nearer  to  dynamic  balance,  and  to  maintain  the  static  position  of  the  system 
within  a  specified  nominal  translational  and  rotational  tolerance. 


There  are  two  basic  methods  for  providing  this  adjustability.  The 
first  method  involves  the  use  of  ballast  weights  and  in  the  past  has  only 
been  employed  to  maintain  nominal  position.  The  position  and  weight  of  the 
ballast  is  regulated  so  that  if  the  mass  or  mass  distribution  of  the  equipment 
varies,  the  total  weight  remains  constant,  and  its  center  of  gravity  always 
remains  at  some  fixed  location.  For  small  items  of  equipment,  the  use  of 
ballast  offers  a  simple  means  for  maintaining  static  position.  For  very  large 
items  of  equipment,  however,  the  cost  and  space  occupied  by  the  ballast  can 
be  significant,  and  its  proper  adjustment  to  accommodate  later  modifications  to 
equipment  presents  something  of  a  problem.  Further,  of  course,  ballast  cannot 
be  used  to  offset  imbalance  where  the  loads  are  varying  rapidly  in  time. 

A  more  common  method  for  maintaining  both  static  position  and  some 
measure  of  dynamic  balance  is  by  the  adjustment  of  properties  of  the  isolation 
system  itself.  To  fulfill  this  objective  completely,  four  adjustment  features 
would  be  necessary: 

•  Translational  adjustment  of  the  system  vertically  to  maintain 
the  nominal  position  throughout  changes  in  total  weight. 

•  Rotational  adjustment  of  the  system  about  both  horizontal 
axes  to  maintain  the  inclination  tolerance  throughout  changes 
in  the  cen ter -of - gravi ty  locations. 
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•  Stiffness  adjustment  in  all  six  system  coordinates  to 
control  Location  of  principal  elastic  axes. 

•  Mass  a«l  jti s tinen  t  t»  ronliol  I  oca  t  i  on  of  pr  i  u<  i  pn  1  i  nr  r  i  i  a  rixt-t  . 

In  no  isolation  sy:.  t .  m  installed  to  date  in  n  |jrnlci  live  it  mh  tine 
have  ull  these  adjustment  capabilities  been  incorporated.  In  all  facilities 
since  the  TITAN  II  Weapon  Svsteni,  provisions  have  been  incoi pot ated  in  most 
shock  isolation  systems  for  maintaining  the  nominal  position  of  the  system 
throughout  predicted  variations  in  the  mass  and  mass  distribution  of  the 
supported  load.  One  isolation  system  installed  in  early  MINL'IEMAN  facilities, 
and  many  systems  to  be  installed  in  SAFEGUARD,  also  include  a  stiffness 
adjustment  in  some  of  the  coordinates.  The  provision  of  stiffness  adjustment 
in  all  six  coordinates,  howevei  ,  would  require  a  very  complex  configuration. 
Aside  from  ballasting  to  maintain  nominal  position,  mass  adjustment  has  not 
been  incorporated  in  any  of  the  systems. 

System  Tolerances.  In  addition  to  variations  in  properties  of  the 
load,  there  is  a  further  factor  which  also  influences  the  nominal  position  of 
the  isolation  system  and  its  balance.  Manufacturing  tolerances  of  the 
components  of  the  system,  particularly  those  of  the  elastic  and  damping 
elements,  can  often  be  so  large  that  their  variations  can  have  a  significant 
effect  on  system  balance.  While  the  choice  is  offered  between  imposing 
stringent  manufacturing  tolerances  and  designing  the  system  to  accept  elements 
with  more  generous  tolerances,  economic  considerations  have  always  favored  the 
latter  approach.  While  for  some  types  of  components  these  tolerances  can 
have  an  important  effect  on  system  performance,  a  capability  for  offsetting 
their  effect  on  nominal  position  can  be  incorporated  in  the  adjustment 
provisions.  Further,  by  selecting  other  types  of  system  components,  both  the 
magnitude  of  the  tolerance  and  its  effect  on  both  static  and  dynamic  balance 
can  be  reduced  to  negligible  quantities. 

Transmissibility.  One  very  significant  concept  in  the  design  of 
shock  isolation  systems,  yet  one  which  has  been  adopted  only  in  the  past  iCw 
years,  is  the  use  of  a  shock  response  spectrum  rather  than  a  peak  acceleration 
as  a  criterion  of  the  output  of  the  system.  The  greater  significance  of  the 
spectrum  was  discussed  earlier.  Nonetheless,  however  well  justified,  the 
concept  does  impose  on  the  shock  isolation  designer  a  need  for  a  reorientation 
of  approach. 
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Insofar  as  is  known,  the  use  of  the  response  spectrum  as  a  means 
■  pec  living  the  output  of  a  shock  isolation  system  was  1  i  t  s  i  Miggc:  t  "il  in 
Kefii  encc  11,  this  despite  the  fact  that  spci  tin  had  1  >eii  .  nip  toyed  m  (  i  i  t  •  i  i 
id  damage  potential  I  oi  I  mi  d  -ilimi  n  t  •  -il  e<jii  i  jhiicii  l  fin  many  ye/us.  A  I  t  in  n  i  gli 
Keleience  Li  was  published  almost  a  decade  ago,  the  significant 

I 

differences  between  this  and  the  earlier  criterion  have  yet  to  to  fully 
appreciated.  While  the  earlier  criterion  established  peak  acceleration  of 
the  base  motion  as  the  sole  parameter  of  damage,  the  spectrum  concept  is 
more  concerned  with  what  a  base  motion  does  to  the  supported  system.  Peak 
acceleration  is  still  important  but  frequency  and  the  duration  of  the 
acceleration  are  of  equal  significance. 

If  the  shock  isolated  load  were  rigid  and  the  elastic  elements 
massless,  the  response  of  the  system  to  any  disturbance  would  be  characterized 
by  six  components,  each  with  its  unique  frequency,  peak  amplitude,  phase,  angle, 
and  decay  rate.  Further,  for  a  well  balanced  system,  the  three  most  pre¬ 
dominate  frequency  components  would  be  those  due  only  to  ti anslations .  A  spectrum 
of  the  response  motion  then  would  be  a  direct  reflection  of  the  characteristics 
of  these  three  components. 

The  supported  load,  however,  is  not  a  rigid  body  but  an  elastic  one. 

As  noted  earlier,  it  has  its  own  modes  of  response  to  the  input  and  these 

will  interact  with  the  system  to  alter  its  motion  not  only  in  amplitude  but  in 

frequency,  phase  angle,  and  decay  rate,  as  well.  Further,  the  elastic  elements 

are  not  massless  but  are  mechanical  devices  bridging  the  gap  between  the  hard 

environment  and  the  equipment.  At  their  hard-mounted  ends,  they  are  exposed 

to  the  full  intensity  of  the  shock  environment  and  their  own  dynamic 

responses  at  their  characteristic  frequencies  can  be  transmitted  to  the  equipment. 

Describing  the  potential  damage  to  equipment  of  this  complex  motion 
by  only  a  peak  acceleration  clearly  overlooks  many  important  parameters.  By, 
failing  to  identify  these  parameters,  no  direction  is  provided  the  designer 
as  to  how  he  may  reduce  their  severity.  While  the  response  spectrum  is  not  a 
rigorous  criterion  of  damage  potential,  it  does  have  the  very  important 
advantage  of  reflecting  the  contribution  of  many  parameters  other  than  peak 
acceleration. 
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Elastic  responses  of  the  equipment  and  the  mechanical  components 
of  the  isolation  system  itself  can  have  a  significant  effect  on  the  response 
sped  I'tim  "f  the  motion  at  the  equ  i  pnient /syst  cm  ini  ei  face.  While  tin  pent. 

acceleration  of  the  interface  motion  may  not  he  altrn-d  . .  i  ihl\  ,  mans' 

components  may  he  added  to  it  at  frequencies  well  above  th<  rigid  hods 
frequencies  of  the  system.  These  will  be  reflected  in  the  i espouse  spectium, 
perhaps  making  it  difficult  to  achieve  the  attenuation  in  the  high- f : equency 
region  specified  by  the  equipment  tolerance  spectrum.  In  selecting  an 
isolation  system  configuration,  therefore,  care  should  be  taken  to  reduce  the 
severity  of  the  output  spectrum  throughout  the  required  frequency  range  by 
minimizing  the  transmission  of  the  higher-frequency  components  to  the 
supported  load,  and  providing  for  energy  dissipation  throughout  the  entire 
frequency  bandwidth. 

There  are  several  ways  for  minimizing  the  transmission  of  high- 
frequency  energy  through  the  isolation  system  component  connecting  the  hard 
structure  and  the  equipment..  One  is  to  employ  lightweight  components  which 
cannot  absorb  much  energy.  Impact  between  any  of  the  elements  of  the  system, 
of  course,  must  be  avoided  at  all  costs  since  impact  will  energize  high-frequencv 
modes.  The  basic  elastic  element  should  also  be  selected  such  that  the  forces 
it  transmits  in  the  higher  modes  are  negligible. 

Probably  the  most  effective  means  for  minimizing  the  response 
spectrum  of  the  output  motion,  not  only  in  the  high-frequency  region  but 
in  the  range  of  the  rigid  body  frequencies  as  well,  is  through  the  use  of 
energy-dissipative  elements  throughout  the  system.  Damping  in  the  fundamental 
modes  can  often  be  incorporated  directly  in  the  primary  elastic  element  or 
inserted  in  parallel  with  it.  Energy  dissipation  in  the  higher  modes  can  be 
accomplished  by  the  careful  selection  of  materials  used  for  structural 
members,  and  through  the  use  of  special  materials  at  critical  interfaces. 

There  can  be  large  differences,  however,  in  the  effectiveness  of 
various  types  of  energy-dissipative  elements  and,  unless  care  is  taken  in 
selecting  those  with  appropriate  properties,  their  use  may  increase  rather 
than  decrease  the  severity  of  the  output  response  at  some  frequencies. 
Characteristics  of  some  of  the  more  frequently  used  damping  devices  are 
discussed  later  in  this  section. 


l-4» 


With  regard  to  transmissibi lity ,  then,  the  basic  objectives  in 
selecting  the  isolation  system  configuration  is  to  reduce  the  response 
spectrum  of  the  output  motion  throughout  the  entire  specified  frequency  range. 

The  ideal  goal  would  be  to  permit  only  those  motions  due  to  rigid  body 
responses  to  reach  the  equipment  and  to  attenuate  these  quickly  by  damping 
devices,  thus  reducing  the  severity  of  their  response  spectra.  In  actual 
practice,  many  other  motions  generated  by  the  elastic  responses  of  the 
components  of  the  shock  isolation  system  itself  will  be  transmitted  to  the 
equipment.  This  "noise"  must  be  minimized  by  selecting  components  which 
transmit  only  pure  tones  and  by  incorporating  damping  to  attenuate  the 
noise  which  is  transmitted. 

3.1.3  EQUIPMENT  ARRANGEMENT. 

Once  all  equipment  which  must  be  shock  isolated  has  been  identified 
and  performance  objectives  defined  for  each  item,  the  decision  then  must  be 
made  as  to  the  general  approach  to  be  adopted  in  selecting  the  equipment 
shock  mounting  arrangements.  The  two  basic  approaches  are  to  mount  each 
item  of  equipment  individually  or  to  assemble  two  or  more  items  on 
a  common  shock-isolated  platform.  The  final  decision  should  be  based  on 
functional  as  well  as  shock  isolation  considerations.  All  existing 
facilities  contain  both  types  of  mounting  arrangements.  The  basis  for 
the  selection  of  the  arrangement  is  simply  to  arrive  at  the  most  efficient 
overall  system. 

The  problem  can  best  be  viewed  by  overlaying  on  a  preliminary  layout 
of  the  facility  the  proposed  location  of  all  equipment  to  be  shock  isolated, 
and  indicating  on  each  item  the  strength  of  the  shock  environment  to  which  it 
may  be  exposed,  and  the  required  attenuation.  Where  personnel  must  be  shock 
isolated,  they  and  all  equipment  that  they  may  be  required  to  operate 
during  or  immediately  following  attack  should  be  provided  with  a  common  platform. 

There  are  other  cases  in  which  the  use  of  an  individual  mounting 
system  is  the  only  practical  choice;  for  example,  a  pump  which  must  be  located 
far  from  any  other  shock  isolated  item,  pipe  and  conduit  hangers,  and  light 
fixtures.  Very  large,  stiff  items  of  equipment  such  as  a  turbine  or  diesel 
engine  may  also  be  more  easily  shock - i sola  ted  individually.  But  on  reviewing 
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the  layout  drawings,  it  will  usually  be  found  that  large  numbers  t>l  items 
of  equipment  can  be  grouped  together  on  a  common  platform  and,  pos:  iblv  with 
some  rearrangement,  the  majority  of  equipment  could  be  isolated  in  this 
manner . 

Where  the  decision  between  individual  and  group  mounting  is  not 
clear  cut,  there  are  many  considerations  which  must  be  evaluated.  The  most 
important  of  these  are  ultimate  reliability  and  cost,  but  each  of  these 
basic  standards  consists  of  many  factors.  In  general,  however,  except  for 
special  cases  such  as  those  noted  above,  where  either  one  or  the  other  of  these 
approaches  is  impractical,  or  unless  the  static  and  dynamic  properties  of  the 
equipment  are  known  with  good  confidence  at  the  Lime  the  isolation  system 
is  designed,  the  use  of  group  mounting  will  result  in  a  higher  ultimate 
reliability  and  usually  a  lower  overall  cost. 

There  are  many  advantages  to  group  mounting.  First,  the  weight  of 
the  platform  supporting  the  quipment  is  a  large  fraction  of,  if  not  equal  to, 
the  weight  of  the  equipment.  As  the  platform  is  designed  by  the  facility 
engineer,  its  static  and  dynamic  properties  are  known  within  close  tolerances. 
Thus,  the  effect  of  significant  variations  in  weight  of  the  equipment  on  the 
weight  of  the  total  shock-isolated  assembly  is  reduced  considerably.  Further, 
as  the  location  of  the  equipment  on  the  platform  is  specified,  a  variation  in 
center-of -gravi ty  location  of  say  50  percent  of  its  principal  dimension  will 
shift  the  center-of-gravity  of  the  entire  assembly  by  an  amount  more  than  an 
order  of  magnitude  less  than  this.  Also,  as  many  items  of  equipment  are  supported 
on  the  platform,  the  probability  is  small  that  all  of  their  weights  will  be 
larger  than  estimated,  or  that  all  of  the  center-of-gravity  locations  will 
be  shifted  in  the  same  direction.  In  short,  the  fact  that  the  isolated 
assembly  now  includes  a  large,  massive  platform,  the  effect  on  performance  of 
variations  in  equipment  properties  is  reduced  by  a  large  factor. 

A  second  advantage  of  group  mounting  is  that  it  tends  to  reduce  the 
amount  of  rattlespace  required.  It  is  easily  shown  that  the  rattlespace 
required  by  several  independently  mounted  items  is  greater  than  that  required 
by  a  single  item  having  their  total  volume.  As  the  number  of  such  items 
increases,  so  does  the  saving  in  rattlespace.  This  comparison  pre-supposes 
that  rattlespace  is  independent  of  the  size  of  the  load  and,  if  the  system 
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is  well  balanced,  the  increase  in  rattlespace  with  load  should  be  small, 
certainly  not  sufficient  to  contradict  the  results  of  this  comparison.  From 
the  saving  in  rattlespace,  of  course,  must  be  subtracted  the  volume  of  the 
platform,  but  even  so,  significant  net  savings  in  rattlespace  usually  can  be 
achieved.  Further,  the  space  within  the  platform  can  frequently  be  utilized 
to  install  equipment,  ducts,  conduits,  etc.,  and  thus  it  is  not  entirely 
wasted. 

A  third  advantage  of  group  mounting  is  cost.  It  was  noted  in 
the  previous  section  that  there  are  many  factors  contributing  to  cost  and, 

in  making  cost  comparisons,  it  is  essential  that  the  cost  factors  to  be 
considered  are  specified.  For  example,  the  cost  of  individually  isolating 
an  item  of  equipment  where  the  equipment  properties  can  be  defined  only 
within  broad  ranges  must  include  the  cost  of  the  more  complex  adjustment 
system  required  to  accommodate  these  possible  variations.  If  the  system  is 
not  provided  with  a  broad  balancing  capability,  the  possibility  exists  that 
it  will  require  some  rework  prior  to  activation,  again  adding  to  the  cost. 

Another  factor  which  results  in  significant  differences  between  the 
costs  of  the  two  types  of  mounting  arrangements  is  the  number  and  types  of 
isolators  needed.  For  example,  the  cost  of  many  types  of  isolators  per  pound 
of  supported  load  decreases  exponentially  with  the  magnitude  of  the  load.  For 
example,  an  isolator  purchased  in  moderate  quantities  to  support  a  1000-pound 
static  load  might  cost  one  dollar  per  pound  of  load,  while  one  supporting 
10,000  pounds  would  cost  15  cents  per  pound  of  supported  load. 

As  individual  mounting  requires  large  numbers  of  small  isolators  of 
different  sizes,  the  cost  of  the  isolators  is  high.  On  the  other  hand,  while 
isolators  for  group-mounted  equipment  must  also  support  the  weight  of  the 
platform  as  well  as  that  of  the  equipment,  only  a  few  isolators  are  required 
to  support  the  system  and,  since  there  is  a  choice  of  location,  their  sizes 
can  be  standardized.  Although  the  cost  of  the  platform  must  also  be  considered 
in  the  comparison,  it  is  usually  found  that  the  initial  cost  of  the  group- 
mounted  system  is  comparable  if  not  lower  than  that  of  the  individually  mounted 
equipment. 
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If  the  cost  of  connections  with  hard  structure,  maintenance,  and 
spares  are  considered  in  the  comparison,  the  cost  advantage  of  the  group- 
mounted  system  becomes  even  more  significant.  However,  this  cost  advantage 
will  be  reduced  unless  the  experimental  phases  of  the  design  verification 
program  of  the  vn  v  large  svstem  art-  maintained  within  realistic  bounds. 

In  examining  possible  arrangements  for  grouping  the  equipment 
on  a  common  platform,  it  is  often  found  that  the  shock  tolerances 
are  not  the  same  for  all  items  wnich  otherwise  might  functionally  be  mounter! 
together.  The  question  is  then  raised  as  to  whether  or  not  a  cost  penalty 
is  involved  in  shock  isolating  some  of  the  equipment  to  a  level  well  below 
its  tolerance. 

The  first  consideration,  of  course,  should  be  that  of  selecting 
an  arrangement  which  is  functional.  However,  un less  the  shock  tolerance  of 
the  preponderance  of  equipment  is  at  the.  higher  level,  almost  all  cost 
factors  favor  mixing  the  equipment  and  shock  isolating  to  the  lowest 
tolerance  level.  While  an  isolation  system  for  the  higher- tolerance 
equipment  may  require  less  rattlespace  than  that  of  the  1 ow- tolerance'  equipment, 
the  rattlespace  required  by  two  separate  platforms  will  be  greater  than  that 
required  by  a  single  platform  of  the  same  total  area.  Within  some  bound, 
the  cost  per  pound  of  a  platform  increases  with  its  area.  However,  it  is 
also  a  function  of  the  severity  of  the  isolation  system  output.  Thus, 
the  cost  (and  weight)  of  the  single  platform  may  be  less  than  that  of  the 
two  smaller  platforms.  Finally,  if  all  platforms  are  isolated  to  the  same 
output  level,  the  number  of  different  sizes  of  isolators  can  be  reduced, 
with  a  significant  saving  in  isolator  cost. 

In  arriving  at  a  preliminary  mounting  arrangement  for  shock- isolated 
equipment  and  personnel,  therefore,  these  factors  must  be  considered: 

•  Optimum  functional  arrangement 

•  Severity  of  shock  environment 

•  Attenuation  requirement 

•  Reliability  of  data  on  equipment  properties 

•  Proximity  to  other  shock-isolated  equipment 

•  Rattlespace 

•  Connections  to  hard  structure 


1-48 


All  of  these  relate  directly  to  the  ultimate  reliability  of  the 
system  and  to  the  overall  cost  of  the  facility. 

Once  the  arrangement  configuration  has  been  selected,  it  may  now 
he  necessary  to  revise  the  performance  objective  document  to  leJlect  the 
properties  required  of  systems  which  will  be  employed  to  shock  isolate 
more  than  one  item  of  equipment. 

3.2  ISOLATION  SYSTEM  HARDWARE. 

3.2.1  SCOPE . 

In  this  section  some  of  the  shock  isolation  system  configurations 
and  components  most  commonly  employed  in  major  systems  installed  in  protective 
structures  are  presented  and  their  characteristics  examined.  Particular 
attention  is  focused  on  configurations  and  components  which  were  considered 
for  use  in  the  SAFEGUARD  facilities. 

At  this  point  in  the  development  of  the  design,  it  is  assumed 
that  the  general  arrangement  of  the  equipment  has  been  selected  and  that 
the  performance  objective  document  has  been  modified  to  reflect  changes 
necessitated  by  any  rearrangements.  The  next  task  is  to  select  system 
components  and  fabrication  techniques  which  will  ensi  re  that  all  performance 
objectives  are  met. 

The  basic  elements  of  the  shock  isolation  system  are  : 

•  Platform  (if  required) 

•  Energy-storage  component 

•  Energy-dissipative  component 

•  Connecting  links 

•  Attachments 

Each  of  these  elements  has  one  basic  function  to  fulfill,  but  also 
has  many  other  requirements  placed  on  it  by  performance  as  well  as  by  cost, 
reliability,  and  such  factors.  Characteristics  which  dictate  the  capability 
of  an  actual  item  of  hardware  to  meet  these  requirements  are  not  always 
independent,  and  thus  an  item  which  fulfills  the  basic  function  may  have 
many  objectionable,  side  effects.  In  comparing  various  elements,  then,  it 
is  important  that  all  its  essential  characteristics  be  identified  before 
a  final  selection  is  made. 
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1.^.2  CONFIGURATION  DEVELOPMENT. 

Proof  that  the  system  will  fulfill  all  its  objectives  is  the  jxirpose 
of  the  design  verification  program,  both  its  analytical  and  expet  intent al 
phases,  discussi'd  in  a  later  section.  However,  throughout  the  selection 
of  a  detailed  configuration  and  system  components,  simple  analyses  are 
invaluable  in  assuring  the  designer  that  he  is  following  the  proper 
approach . 

One  of  tV.o  first  analyses  which  may  be  employed  is  that  of  ensuring 
that  the  suspension  configuration  and  the  nominal  stiffness  properties 
have  been  selected  so  as  to  constitute  a  reasonably  well-balanced  system. 
Although  the  actual  system  may  be  somewhat  nonlinear,  the  model  used  in 
this  preliminary  analysis  may  be  assumed  to  be  linear.  Further,  the  equipment 
may  be  assumed  to  be  rigid  and  the  springs  massless. 

The  analysis  consists  of  calculating  the  modal  properties  of  the 
system:  model  frequencies,  mode  shapes,  and  modal  participation  factors. 

From  the  frequency  data  it  can  then  be  determined  whether  or  not  the  system 
has  adequate  modal  stiffnesses.  For  a  system  ideally  balanced,  the  mode 
shapes  will  consist  of  three  pure  translations  and  three  pure  rotations 
about  axes  coincident  with  the  system  reference  coordinates.  If  the  mode 
shapes  indicate  otherwise,  coupling  in  the  reference  system  coordinates  will 
exist.  In  few  actual  systems  can  an  ideal  balance  be  achieved,  but  an  effort 
should  be  made  to  reduce  the  coupling  to  a  small  value. 

While  modal  data  cannot  be  employed  to  determine  a  response  spectrum 
of  the  output  motion  of  the  system,  they  can  be  used  as  a  basis  for  estimating 
whether  or  not  the  required  attenuation  has  been  achieved.  UsinR  the  modal 
frequencies  and  participation  factors  together  with  the  input  response 
spectra,  the  peak  amplitude  of  the  motion  in  each  of  the  six  modes  can  be 
determined.  Depending  upon  the  amount  of  damping  which  will  be  incorporated 
in  the  system,  an  amplification  ratio  for  each  modal  response  can  then  be 
estimated  and  multiplied  by  the  peak  amplitude.  If  the  resulting  peak 
response  exceeds  the  tolerance  spectrum  for  the  equipment,  it  is  probable 
that  insufficient  attenuation  has  been  provided.  Further,  the  modal  data 
can  be  employed  to  establish  gross  bounds  on  the  rattlespace  requirement,  and 
to  evaluate  the  relative  importance  of  coupling. 
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This  analysis  is  verv  simple  to  perform  with  a  computet  piograni, 
and  it  alLows  the  designer  to  explore  a  large  number  of  configurations  m 
a  verv  short  period  of  time.  One  word  of  caution  should  be  emphasized,  however  . 
As  the  model  of  the  system  is  linearized,  the  implicit  assumption  is  made 
that  rotations  oi  the  elastic  elements  are  small,  that  is  sin#  =  0,  cos#  1, 

where#  is  the  angle  of  rotation  of  the  element  from  its  nominal  position. 

In  actual  practice  some  rotation  is  inevitable  and  must  be  tolerated.  However, 
large  amounts  are  usually  objectionable  since  the  rotation  increases  the 
coupling  between  modes.  In  selecting  a  configuration,  of  course,  care  should 
be  taken  to  ensure  that  the  rotation  angles  will  not  be  large.  In  any  case, 
these  rotations  as  well  as  any  nonlinearities  in  the  isolators  and  damping 
devices  must  be  considered  in  the  later,  more  detailed  analyses. 

3.2.3  SUSPENSION  ARRANGEMENTS. 

Although  there  are  innumerable  ways  to  support  an  item  to  be  shock 
isolated,  the  two  types  most  commonly  employed  are  the  base  support  and  the 
overhead  pendulum  support.  The  base-mounted  type  consists  of  arranging  a  set 
of  elastic  elements  between  the  floor  and  the  equipment  such  that  the  equip¬ 
ment  is  supported  both  statically  and  dynamically.  In  the  overhead 
pendulum  system,  the  load  is  supported  by  pendulum  arms  incorporating 
elastic  elements  and  suspended  from  hard  structure  overhead.  Both  types 
of  systems  can  be  used,  either  with  equipment  mounted  individually  or  grouped 
together  on  a  platform. 

There  are  no  essential  differences  in  these  two  suspension  arrange¬ 
ments.  Rather  the  significant  differences  are  in  the  stiffness  require¬ 
ments  imposed  on  the  elastic  element.  For  example,  consider  the  three  base- 
mounted  systems  shown  in  Figure  1-7.  The  system  in  Figure  1-7  (a)  is  supported 
only  by  four  vertical  elastic  elements.  Thus,  each  element  must  provide  a 
vertical  stiffness,  a  horizontal  stiffness,  and,  unless  it  is  free  to  rotate 
at  its  connection  to  the  load,  a  rotational  stiffness. 

In  Figure  1-7  (b),  a  configuration  much  preferred  in  vibration 
isolation,  is  shown  in  which  the  isolators  are  re-oriented  so  that  their 
axes  are  directed  mote  toward  the  center  of  mass.  By  the  use  of  this  technique 
it  is  possible,  if  the  location  of  the  center  and  inertia  properties  of  the 
mass  arc  known,  to  decouple  certain  modes.  Again,  however,  both  axial,  shear, 
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Figure  1-7.  Three  Base-Mounted  Isolation  System  Configurations 
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and  iot  itiunal  s  t  1  f  f  nrs  *;c  s  must  be  provided  bv  tin-  elastic  element:.. 

A  tliiid  base  mount  ed  system  is  shown  in  F  i  >;n  i  e  I  -  /  ( «  )  vim  .  I  he 
■uppoiteil  load  iniludes  a  plrttlorm.  In  this  unit  l(|inal  urn  i  ndependi  n  t 
elastic  elements  are  installed  parallel  to  tin  llnee  oithtigoii.il  system 
coordinates.  As  each  elastic  element  is  tree  to  rotate  both  at  its  hard 
mounted  end  and  at  its  attachment  to  the  platform,  it  is  only  requited  to 
produce  a  force  along  its  own  axis. 

A  system  employing  an  overhead  pendulum  configuration  is  shown  in 
Figure  1-8  (a).  Each  of  the  pendulum  arms  is  installed  vertically,  incorporates 
an  axial  elastic  element,  and  is  provided  at  each  end  with  fittings  which 
permit  rotation  about  all  three  axes.  Again  it  is  seen  that,  for  small 
displacements,  the  elastic  element  alone  contributes  to  the  vertical 
stiffness.  Lateral  stiffness  is  provided  by  gravity  acting  on  the  pendulum 
system  and  is  a  function  only  of  the  pendulum  length. 

In  Figure  1-8  (a),  the  center  of  mass  of  the  platform  assembly  is 
col  linear  with  the  axis  of  the  horizontal  elastic  elements.  In  most  cases, 
the  center  of  mass  will  lie  either  above  or  below  the  point  of  attachment. 

Two  alternate  methods  for  shifting  the  horizontal  elastic  axis  so  that  it 

passes  through  the  center  of  mass  are  shown  in  Figure  1-8  (b),  where  the 
isolator  itself,  or  auxiliary  supports,  are  mounted  rigidly  ~>  the  platform 
to  raise  the  pendulum  attachment  point. 

It  is  seen  then  that,  while  in  the  configurations  of  Figures  1-7  (a) 
and  (b)  which  are  base-mounted  systems,  the  elastic  elements  must  provide 
axial  shear,  and  rotational  stiffnesses,  those  of  Figure  1-7  (c)  and  Figure 
1-8,  the  former  base  and  the  latter  overhead-mounted,  are  required  only  to 
provide  axai l  stiffness. 

One  of  the  requirements  for  good  performance  is  that  a  reasonably 
close  dynamic  balance  be  maintained  about  the  system-oriented  coordinates. 

This  requirement  implies  that  the  stiffness  of  the  system  in  each  of  the 
system  coordinates  can  be  set  independently  to  match  the  requirements  of  the 
configuration.  Eminently  satisfactory  elastic  elements  can  be  designed  in 
which,  in  a  single  unit,  stiffnesses  in  more  than  one  coordinate  are  both 
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Figure  1-9.  Two  Arrangements  of  Overhead  Pendulum 
Jfeock  Isolations  Using  Platforms 


uncoupled  and  independently  controlled.  However,  in  manv  elastic  elements 
which  are  frequently  used  in  this  type  of  configuration,  notably  helical 
springs,  the  stiffnesses  are  highly  coupled  and  can  be  predicted  onlv  within 
vei v  broad  ranges.  Balancing  a  system  employing  these  >  laments  is  virtually 
imposs i b le . 

These  examples  have  been  presented  to  emphasize  that  while,  ideally, 
balance  may  be  achieved  bv  a  variety  of  configurations,  there  may  be  a  great 
vaiiation  in  the  ideal  and  the  actual  properties  of  real  components,  and  these 
variations  may  be  difficult  to  define.  Large  displacements  of  the  system  may 
introduce  imbalance  at  off-nominal  positions,  but  these  effects  can  be  predicted 
with  good  confidence.  Non  1 ineari Lies  in  the  elastic  or  damping  element  may 
also  cause  some  imbalance , but  if  these  are  predictable  they  too  may  be 
acceptable.  The  situation  to  avoid  is  that  of  specifying  components  whose 
properties  cannot  be  predicted  with  good  confidence. 

it  should  also  be  noted  that,  in  all  of  the  configurations  shown  in 
Figures  1-7  and  1-8,  coupling  of  the  horizontal  translational  modes  with 
rotations  about  the  horizontal  axes  is  dependent  on  the  elevation  of  the 
point  of  attachment  (or  elastic  center)  of  the  isolators  which  provide  the 
lateral  stiffness  relative  to  the  elevation  of  the  center  of  mass  of  the  system. 
This  coupling  cannot  be  eliminated  by  altering  the  stiffness  of  the  springs 
but  must  be  offset  either  by  changing  the  center  of  mass  location  by  the  use 
of  ballast,  or  by  a  physical  adjustment  in  the  elastic  axes  such  as  that  shown 
in  Figure  1-8  (b). 

In  selecting  the  system  configuration,  then,  these  considerations 
should  be  borne  firmly  in  mind: 

(a)  Throughout  all  specified  variations  in  loading  conditions 
the  system  should  be  balanced  dynamically  as  closelv  as 
possible.  Coupling  due  to  imbalance  can  be  reduced  bv 
separating  frequencies  of  the  modes  ir.  the  system  coordinates. 

(b)  Moderate  amounts  of  coupling  due  to  the  kinematic  configuration 
may  be  offset  by  providing  an  adjustment  capability  W|i*--p 

the  coupling  is  excessive,  <i  better  balanced  configuration 
should  be  selected. 
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(cl  The  suspension  configuration  should  be  selected  such  tliai, 

throughout  the  full  range  of  stroke,  rotations  of  the  lines 
of  action  of  the  connecting  links  arc  small. 

( d )  No  configuration  should  be  selected  which  nece.ssi  tui  os  1  In- 

use  of  either  elastic  or  damping  elements  whose  chaructei istics 
cannot  be  predicted  with  good  confidence. 

(e)  The  system  must  incorporate  sufficient  adjustability  both 
in  translation  and  rotation  to  enable  it  to  be  returned  to 
its  nominal  position  under  all  specified  variations  in  load 
and  system  tolerances. 

A  further  point  which  should  be  emphasized  is  that,  in  order  to 
accommodate  the  broad  ranges  in  load  properties  specified  by  the  performance 
objectives,  it  may  be  more  advantageous  to  accept  small  imbalances  under  all 
possible  dynamic  conditions  than  to  demand  a  perfect  balance  under  nominal 
conditions,  but  which  might  result  in  greater  imbalances  under  off-nominal 
conditions.  In  other  words,  the  objective  should  be  to  obtain  the  most 
favorable  responses  throughout  the  specified  ranges  of  environmental  and 
system  parameters. 

3.2.4  PLATFORM  DESIGN. 

Elastic  Properties.  If  an  individual  mounting  system  is  selected, 
the  dynamic  characteristics  of  the  equipment  may  have  a  strong  influence 
on  the  motion  at  the  isolation  system/equipment  interface.  Where  the  basic 
geometry  and  construction  details  of  the  equipment  are  known,  an  analytical 
model  of  the  first  few  modes  can  be  included  in  the  model  of  the  system,  a  id 
the  low-frequency  responses  of  the  system  calculated.  Indeed,  if  one  or  two 
of  the  modes  lie  within  the  frequency  range  of  the  rigid -body  modes  of 
the  isolation  system,  it  is  essential  that  these  elastic  properties  of  the 
equipment  be  included  in  preliminary  analyses  to  determine  system  balance. 

On  the  other  hand,  if  the  equipment  is  to  be  group  mounted  on  a 
platform,  the  relatively  large  size  of  the  platform,  coupled  with  the  desire 
to  reduce  its  cost  to  a  minimum,  can  also  result  in  a  platform/equipment 
system  whose  fundamental  frequencies  lie  well  within  the  range  of  the  rigid-body 
modes  of  the  isolation  system,  even  though  those  of  the  equipment  which  it 
supports  are  higher. 
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if  it  is  practical  to  make  the  platform  sufficiently  stiff  so  Lluit 
the  i  i  ecjuenci  es  of  the  pi  a  t  form  /  equ  i  pmen  t  system  lie  well  above  those  of  the 
tiqid-boi.lv  frequencies  of  the  suspension  system,  it  is  advisable  to  do  so. 
tl  the  platform  is  very  large,  liowevi  i  .  and/oi  the  weight  ol  tie  siippoi  ted 
equipment  great,  the  size  and  rust  of  a  platlium  to  pi.-vide  the  dosireil 
stiffness  could  he  a  significant  cost  factor.  in  these  cases,  the  cflet I 
of  platform  flexibility  on  the  system  response  must  be  investigated  in  t lie 
preliminary  analyses  of  system  balance. 

Free-free  modal  properties  of  the  platform  cart  be  greatly  influenced 
by  the  elastic  and  weight  properties  of  the  equipment  which  it  supports. 

While  the  platform  alone  may  be  relatively  stiff,  the  stiffness  of  the  load 
which  it  supports  may  be  low,  and  its  weight  high.  Thus,  the  fundamental 
frequency  of  the  platform/equipment  system  can  be  low.  The  stiffness  of  each 
item  of  equipment  which  the  platform  supports  need  not  be  low  in  order  to  have 
a  low  system  stiffness  since  the  equipment  may  consist  of  several  stiff  items 
all  mounted  individually  to  the  platform  but  with  no  stiff  connections  between 
them. 

Conversely,  the  platform  stiffness  may  be  low,  but  that  of  the  supported 
load  so  high  that  it  effectively  stiffens  the  entire  system.  As  it  is  the 
stiffness  of  the  supported  system  rather  than  that  of  the  platform  alone  which 
is  of  importance,  the  design  requirements  for  the  platform  cannot  be  established 
until  the  properties  and  locations  of  the  equipment  are  determined. 

Another  important  goal  in  selecting  the  platform  design  is  that  it  should 
include  provisions  for  attenuating  any  high  frequencies  transmitted  through 
its  connections  to  hard  structuie.  While  it  was  noted  earlier  that  the 
connections  to  hard  structure  should  be  selected  with  a  view  toward  minimizing 
the  transmission  of  high  frequencies,  the  possibility  that  some  will  reach  the 
platform  cannot  be  dismissed.  ALl  existing  protective  structures,  including 
SAFEGUARD,  have  employed  welded  steel  platforms,  unfortunately  a  most  effic  lent 
transmitter  of  high  frequencies.  While  this  construction  method  may  be 
economical,  it  is  probable  that  some  reduction  in  stiffness,  in  return  for 
improved  damping  characteristics,  would  have  been  an  attractive  compiomise. 


Number  and  Arrangement  of  Elastic  Supports.  A  question  which  must 
always  be  resolved  whenever  a  platform  is  used  to  support  the  equipment  is  that 
regarding  the  number  of  elastic  elements  to  employ  in  supporting  the  platform 


and  their  optimum  arrangement.  Statically,  of  course,  the  suspension 
system  must  maintain  the  platform  in  equilibrium,  and  to  maintain  static 
balance  the  six  equations  of  equilibrium  must  be  satisfied.  If  the  platform 
is  horizontal,  however,  these  equations  are  sufficient  to  define  the  loads 
and  stiffness  properties  in  only  three  vertical  isolators.  If  a  greatei 
number  of  vertical  isolators  are  to  be  employed,  the  system  is  redundant. 

A  number  of  methods  imposing  additional  and  somewhat  arbitiary 
constraints  (e.g.  Reference  12)  have  been  suggested  to  reduce  the  redundancy 
of  the  problem,  and  while  these  constraints  may  lead  to  improved  system 
balance,  they  fail  to  identify  and  to  satisfy  all  of  the  fundamental  require¬ 
ments  for  optimum  balance.  These  are  that  the  principal  elastic  and  inertia 
axes  of  the  system  coincide  with  the  system  coordinates,  that  the  frequencies 
be  properly  separated,  and  that  the  frequencies  of  the  rotational  modes  be 
maintained  at  a  reasonable  level.  While  these  latter  requirements  do  not 
define  a  unique  arrangement,  they  do  place  emphasis  on  relationships  of 
greater  importance  to  system  performance. 

Materials  and  Fabrication  Methods.  Several  trade-off  studies  have 
been  conducted  to  determine  the  optimum  material  and  fabrication  process 
for  constructing  platforms,  and  all  have  recommended  the  use  of  welded  steel. 
However,  the  basis  for  the  trade-off  decisions  has  only  been  the  initial 
cost  required  to  achieve  a  given  stiffness,  and  has  not  included  such  important 
considerations  as  the  performances  advantages  to  be  gained  by  damping  or  total 
cost  of  the  shock  isolated  system.  Unquestionably,  damping  can  be  effective  in 
reducing  or  even  eliminating  the  propagation  of  high-frequency  motion 
throughout  the  platform.  Yet  the  economic  value  of  high-frequency  attenuation 
is  difficult  to  assess  and  thus,  at  the  time  the  trade-off  studies  were 
performed,  it  was  simply  ignored.  Later,  if:  it  is  found  in  tests  of  the 
complete  system  that  the  high-frequency  responses  of  the  platform  exceed  those 
specified  by  the  tolerance  spectrum,  the  cost  of  reworking  the  svstem  to  reduce 
the  severity  of  the  responses  is  not  charged  to  the  platform  cost. 

Another  cost  factor  these  studies  have  failed  to  consider  is  that  of 
reworking  the  platforms  to  accommodate  the  equipment  mounting  arrangement. 

From  considerations  of  rigidity  and  strength,  the  thickness  of  the  top  plate 
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of  steel  platforms  need  not  be  large.  Thus,  at  locatims  whei  e  the  equipment 
will  be  suppor  ted,  stiffners  must  be  provided.  Vet  in  tire  SAFEGUARD  program 
the  attachment  bolt  patterns  of  the  equipment  were  not  known  until  alter 
the  platforms  foi  the  first  site  were  fabricated,  and  it  was  m'te.'.m  v  to 
rework  the  platform  by  adding  stiffners  to  match  the  bolt  patteins.  II  the 
same  type  and  model  of  equipment  installed  in  the  first  site  is  to  be  used 
in  SAFEGUARD  sites  subsequent  to  the  first,  of  course,  additional  rework  will 
not  be  required. 

A  further  cost  factor  which  weighed  heavily  in  favor  of  steel 
platforms  for  SAFEGUARD  was  the  assumption  that  the  platforms  would  be 
constructed  on-site.  This  assumption  was  based  on  the  fact  that  many  of 

the  platforms  were  so  large  that  it  was  impossible  to  get  them  into  the  J 

buildings  once  the  buildings  were  constructed.  Fabrication  of  the  platforms 

r 

on-site  by  any  other  than  standard  construction  techniques  was  assumed  to  i 

involve  a  severe  cost  penalty.  Use  of  a  modular  concept  where  shop  fabrica¬ 
tion  could  be  employed  was  examined  only  briefly. 

And,  finally,  these  trade-offs  have  not  taken  into  account  the  added 
cost  of  the  larger  shock  isolators  required  to  support  the  weight  of  the 
platform.  For  isolators  supporting  static  loads  ranging  say  from  1000  to 
20,000  pounds,  the  cost  of  the  isolator  per  pound  of  static  load  will  vary 
from  about  one  dollar  to  15  cents,  certainly  a  significant  percentage  of 
the  cost  of  the  platform  itself. 

Identification  of  optimum  platform  materials  and  fabrication 
techniques,  therefore,  appears  to  be  a  problem  which  has  yet  to  be  resolved. 

It  is  believed  that  the  many  potential  advantages  offered  by  the  use  of 
lightweight  laminates  and  modular  design  have  yet  to  be  fully  explored.  It 
is  quite  possible,  indeed  probable,  that  no  universal  optimum  exists,  but  that 
the  most  effective  type  of  platform  ultimately  will  depend  on  its  size,  on 
the  dimensions,  weight,  and  attachment  pattern  of  the  supported  load,  and 
on  the  output  motion  requirements. 

3.2.5  ELASTIC  AND  ENERGY  DISSIPATIVE  COMPONENTS. 

In  earlier  discussions  of  the  dynamic  behavior  of  the  complete  shock 
isolation  system  it  was  pointed  out  that  the  basic  elastic  and  energy 
dissipative  characteristics  of  the  isolators  contribute  principally  to  responses 
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in  the  rigid-body  modes  of  the  system.  It  was  also  noted,  however,  that  any 
real  energy-storage  element  has  mass  and  dissipation, and  any  real  energy- 
dissipative  element  has  compliance  and  mass.  Thus,  both  of  them  will  transmit 
energy  not  only  in  a  fundamental  mode,  but  in  many  h iglicr-f roquem  v  modes 
as  well.  In  selecting  energy  storage  and  dissipative  devices  for  incur -por.»tion 
in  the  isolation  system,  therefore,  their  real,  as  well  as  their  ideal, 
properties  must  be  considered. 

While  there  is  a  wide  variety  of  elements  from  which  to  choose,  almost 
all  of  these  will  have  differences  in  their  transmission  characteristics , not 
only  in  the  higher  modes, but  in  the  fundamental  modes  as  well.  Further,  no 
single  type  of  element  incorporates  all  cost  and  performance  features  which 
renders  it  the  optimum  for  all  cases.  In  this  section,  the  most  important  of 
these  characteristics  are  reviewed  and  compared. 

Elastic  Element  Requirements.  On  the  basis  of  earlier  discussions 
of  system  requirements,  the  features  and  characteristics  of  the  ideal  elastic 
element  can  be  summarized; 

(a)  The  dynamic  force  displacement  relationship  of  the  elastic 
element  should  be  predictable  with  good  accuracy.  if  the 
same  element  is  to  be  used  to  provide  stiffness  in  more 
than  one  direction,  its  stiffness  properties  in  each  of 
these  directions  should  be  closely  predictable,  and  they 
should  be  uncoupled. 

(b)  The  force-displacement  characteristics  of  the  elastic  element 
should  be  linear  to  minimize  dynamic  imbalance  of  the  system 
throughout  its  stroke.  There  are  several  types  of  nonlinear 
elements  which  have  been  found  to  be  very  effective,  but 
their  nonlinearity  is  only  accepted  in  return  for  other 
desirable  performance  features. 

(c)  The  elastic  element  should  have  low  mass  in  order  to  minimize 
the  transmission  of  high  frequencies. 

(d)  The  frequency  of  the  elastic  element  should  remain  constant 

with  changes  in  load,  that  is,  its  stiffness  should  vary  in  direct 
proportion  to  the  load  it  supports.  This  feature  enables 
the  system  to  remain  dynamically  balanced  throughout  changes 
in  the  supported  mass  and  its  position. 
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(e)  The  static  position  of  the  elastic  element  should  be  easily 

adjustable  to  return  the  system  to  its  nominal  position  when 
subjected  to  load  changes. 

if)  The  elastic  element  should  have  high  reliability,  long  life, 

and  low  cost. 

As  noted  earlier,  there  is  a  wide  variety  of  methods  and  materials 
which  can  be  used  to  design  an  elastic  element  which  will  satisfy  almost  all 
of  these  objectives.  However,  in  the  usual  case  it  has  been  found  that,  while 
these  elements  might  meet  the  performance  requirements,  they  usually  fail  to 
achieve  the  cost  goal.  Thus,  in  the  past,  attention  has  been  concentrated  on 
five  relatively  simple  types  of  elastic  elements  : 

•  Beams 

•  Torsion  bars 

•  Helical  springs 

•  Liquid  springs 

•  Gas  springs 

•  Elastomers 

In  the  TITAN  1  facilities,  combined  beam- torsion  bar  elements  were 
employed  extensively.  They  were  highly  coupled,  and  owing  to  their  configuration, 
their  stiffnesses  were  difficult  to  estimate  accurately.  None  of  them  were 
provided  with  adjustments  to  offset  either  changes  in  load  or  variations  in 
the  location  of  the  center  of  mass.  The  NORAD  suspension  system  consists  of 
helical  springs  mounted  under  large  platforms.  The  same  springs  provide 
stiffnesses  vertically,  horizontally,  and  in  rotation.  Large  load  changes 
combined  with  insufficient  adjustability  necessitated  extensive  rework  oi  the 
system  to  maintain  static  position  and  balance.  Both  the  TITAN  11  and 
MINUTEMAN  facilities  include  a  large  number  of  overhead  pendulum  systems  where 
the  elastic  element  is  a  helical  spring  incorporated  in  the  penoulum  arm 
and  thus  loaded  only  in  the  axial  direction.  Adjustments  are  provided  to 
maintain  the  nominal  position  under  changes  in  load  and  center  of  mass. 

None  of  the  systems  described  above  incorporate  provisions  for 
adjusting  stiffness,  and  none  of  them  include  damping. 
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To  meet  a  special  and  very  stringent  performance  requirement,  one  of  the 
MLNUTEMAN  systems  incorporated,  first,  a  gas  isolator  (Wings  I  thru  V),  and 
later  a  liquid  spring  (Wing  VI).  The  system  was  required  to  damp  vertical 
translational  motions  to  one-third  amplitude  within  one-half  a  cycle,  and 
thus,  undamped  helical  springs,  used  throughout  the  remainder  of  the  facility, 
could  not  be  employed.  Both  gas  and  liquid  springs  have  a  capability  for 
maintaining  balance  which  is  superior  to  that  of  the  helical  spring  and,  in 
addition,  can  easily  be  designed  to  incorporate  a  damping  element.  The  gas 
spring  has  an  inherent  nonlinearity  which  ensures  vertical  balance  under  all 
load  and  center  of  mass  variations. 

Costs  and  maintenance  requirements  for  both  the  gas  and  liquid 
springs  were  higher  than  desired  under  most  design  conditions.  However,  the 
higher  costs  were  not  a  consequence  of  employing  a  gas  or  liquid  as  the 
elastic  element,  but  rather  were  the  result  of  the  special  attenuation  features 
which  the  systems  demanded.  Further,  while  it  is  probable  that  the  maintenance 
required  for  a  gas  or  liquid  isolator  will  always  be  greater  than  that  say 
of  a  beam,  the  more  important  consideration  is  ultimate  reliability.  As,  in 
this  respect,  the  gas  and  liquid  systems,  particularly  the  former,  have 
significant  advantages;  some  sacrifice  in  maintenance  may  be  accepted  if  a 
higher  ultimate  reliability  can  be  gained. 

Stiffness  of  Elastic  Element.  One  characteristic  of  an  elastic 
element  which  is  of  value  in  those  cases  where  the  load  may  vary  significantly 
from  its  nominal  conditions  is  that  the  stiffness  of  the  element  about  its 
equilibrium  position  should  vary  linearly  with  the  load  it  supports.  Both 
beams  and  torsion  bars  can  be  designed  to  provide  this  feature  as  their 
stiffness  is  a  function  of  their  length.  By  providing  a  length  adjustment 
capability,  therefore,  the  stiffness  can  be  controlled.  However,  owing  to  the 
complexity  of  incorporating  this  feature,  no  such  device  has  been  employed  in 
a  protective  structure.  Where  beams,  torsion  bars,  or  helical  springs  have  been 
employed,  no  length  adjustment  capability  has  been  provided. 

For  all  these  types  of  mechanical  elements,  therefore,  the  stiffness 
of  the  element  about  its  equilibrium  position  has  been  by  design  a  constant, 
that  is 
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where 

F  =  static  load  on  element 
X  =  displacement 
k  =  stiffness,  a  constant 

The  frequency  of  this  type  of  element  about  its  equilibrium  position 

then  is 


where 

u  =  circular  frequency 
g  =  gravitational  acceleration 
W  =  weight  of  supported  load 

As  the  stiffness  of  the  spring  is  constant,  being  a  function  of  its 
dimensions  and  material  properties,  it  is  seen  that  the  frequency  will  vary 
inversely  as  the  square  root  of  the  static  weight. 

Consider  now  the  stiffness  and  equilibrium  frequency  of  a  gas  spring. 

The  pressure-volume  relationship  for  a  gas  is 

PVn  =  constant 

where 

P  =  pressure 
V  =  volume 

n  =  an  exponent  defining  the  relationship  for  a  given  compression 
process 

As  the  volume  of  the  enclosed  gas  is  proportional  to  the  stroke  of 
the  piston,  the  stiffness  of  the  spring  bout  the  equilibrium  position  Xe  is 

dF  nW 

dX  '  X0 

The  circular  frequency  about  this  position  is 


where  the  subscript o denotes  the  value  at  the  nominal  posit  inn. 
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Note  that  the  frequency  of  the  gas  spring  abou*  its  equilibrium 
position  is  independent  of  the  load  it  supports.  Thus,  if  a  system 
incorporating  gas  springs  is  initially  balanced,  it  will  remain  balanced 
under  all  changes  in  load  or  positions  of  its  center  oi  mass. 

The  pressure-density  relationship  for  a  compressible  liquid  is 

dP  =  0 

dp  P 

where 

p  =  density  of  the  liquid 

0  =  bulk  modulus  of  elasticity  of  the  liquid 

For  a  liquid  spring  containing  a  constant  amount  of  fluid 

d£  dV  _  dX 

P  V  X 

where  V  and  X  are  the  same  as  above. 

Bulk  moduli  of  elasticity  for  most  liquids  employed  in  springs  can 
be  approximated  by  the  relationship 

0  =  a  +  bP 


where  a  and  b  are  coefficients  characteristic  of  the  liquid.  The 
frequency  of  a  liquid  spring  of  a  unit  effective  area  then  is 


[fc  (8  *  b)] 


It  may  be  seen  from  the  above  equation  that  the  liquid  spring  acts 
partially  as  a  constant  stiffness  spring  and  partially  as  a  gas  spring.  The 
first  term  in  the  parentheses  indicates  that  the  frequency  varies  inverselv 
as  the  square  root  of  the  static  weight,  while  the  second  term  is  independent 
of  weight. 

Consider,  for  example,  three  isolators,  a  mechanical  spring  with 
constant  stiffness,  a  gas  spring,  and  a  liquid  spring  (containing  Union  Carbide 
C-45  silicone  fluid),  each  supporting  a  nominal  load  of  20,000  pounds  end  ai  Ibis 


1-64 


toad  having  a  circular  frequency  of  3.76  radians  per  second  <0.6  Hz).  A 
comparison  of  the  variations  of  their  frequencies  due  to  off-design  loads 
is  shown  in  Figure  1-9.  When  the  static  weight  supported  by  the  helical 
spring  is  reduced  to  10,000  pounds,  its  frequency  is  increased  to  5.33 
radians  per  second  while  for  the  same  load  change  that  of  the  liquid  spring 
is  increased  to  A. 81  radians  per  second.  At  twice  the  nominal  load,  the 
frequencies  of  the  two  springs  are  reduced  to  2.66  and  3.12  radians  per 
second  respectively.  Throughout  this  entire  range,  of  course,  the  frequency 
of  the  gas  spring  remains  constant. 

Equations  given  above  for  the  stiffnesses  of  gas  and  liquid  springs 
are  typical  of  these  elements  about  their  equilibrium  positions.  While  the 
equations  for  both  can  be  easily  transformed  into  a  more  general  form 
defining  the  force  as  a  function  of  displacement  at  any  position,  it  is  clear 
that  both  functions  are  nonlinear;  that  is,  in  neither  case  is  the  force 


STATIC  WEIGHT- KILO POUNDS 


Figure  1-9.  Comparison  of  the  Variation  in  Frequency  With  Static 
Load  of  a  Helical,  a  Liquid  and  a  Gas  Spring 
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Erectly  proportional  to  displacement.  In  this  respect,  the  liquid  spr.,  ^ 
is  tie  more  nearly  linear  of  the  two.  On  the  other  hand,  had  the  requirement 
for  constant  frequency  been  met  by  a  mechanical  change  in  the  length  nl  a 
beam  or  torsion  bar  at  each  discrete  length,  the  force-di  spln<  cinonl 
characteristic  of  the  element  would  have  remained  linear. 

The  acceptability  of  non  linearities  in  the  energy  stoinge  element 
of  a  shock  isolation  system  is  dependent  not  only  on  their  nature,  that  is, 
whether  thev  are  functions  of  displacement  only,  of  displacement  and  time,  or 
of  these  and  other  parameters,  but  most  importantly  on  whether  the  nonlinear 
characteristics  are  predictable  with  good  confidence,  whether  they  may 
transmit  high-frequency  energy  to  the  higher  modes  of  the  system,  whether  they 
contribute  to  improved  system  performance  under  all  other  specified  conditions, 
and  finally,  whether  they  may  react  abruptly  if  the  system  were  exposed  to 
environments  somewhat  beyond  those  specified  for  design  but  still  within  the 
realm  of  remote  possibility.  If  the  nonlinear  element  can  meet  all  of  these 
challenges,  not  only  may  its  use  be  acceptable  but  it  may  be  desirable  in 
achieving  significant  performance  advantages.  It  must  be  cautioned,  however, 
that  some  nonlinear  elements  which  may  appear  to  offer  attractive  performance 
advantages  in  fact  may  lead  to  inferior  performance  under  the  specified 
environments,  and  to  a  strong  uncertainty  as  to  whether  or  not  the  system 
would  survive  environments  or  loading  conditions  even  slightly  off  those 
specified  by  design  requirements. 

Neither  the  gas  nor  the  liquid  spring,  undamped,  is  of  this  type. 

Their  stiffnesses  are  smoothly  continuous  functions  of  their  displacements 
and  they  are  predictable  with  even  greater  accuracies,  considering  manufacturing 
tolerances,  than  those  of  a  helical  spring.  Their  nonlinearities  contribute 
to  imbalance  only  in  rotational  modes  but  since  they  also  minimize  the  coupling 
ui  energized  translational  with  the  relatively  inert  translational  modes  thoir 
net  effect  on  the  response  of  the  properly  designed  system  can  be  highly 
beneficial.  Inclusion  of  damping  devices  as  integral  elements  of  the  fluid 
spring,  discussed  later  in  this  section,  can  amplify  the  nonlinear  aspects  oi 
the  spring/damper  system,  but  this  fact  that  the  damping  element  can  be 
incorporated  easily  in  the  basic  elastic  element  has  distinct  cost  advantages. 

The  relative  transmissibi li ty  in  higher  modes  of  these  three  general 
types  of  elements  is  in  the  same  order  as  their  variability  in  equilibrium 
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frequency.  Owing  to  their  larger  mass,  forces  due  to  surges  in  the  mechanical 
springs  are  the  highest,  while  those  resulting  from  gas  springs  are  the  lowest. 

One  important  limitation  of  all  fluid  springs  employed  to  date, 
however,  should  be  noted.  No  fluid  spring  employed  in  a  protective  structure 
has  had  the  capability  of  resisting  both  tensile  and  compressive  loads. 
Promising  configurations  have  been  conceived  but  none  of  these  has  been 
developed  to  the  point  where  its  performance  has  been  proven.  Until  such 
concepts  are  developed,  then,  the  fluid  spring  should  be  employed  only  in 
those  applications  where  the  peak  output  acceleration  is  less  than  1  g. 

The  use  of  elastomers  as  the  primary  elastic  element  in  major  shock 
isolation  systems  installed  in  protective  structures  has  been  limited  to  only 
a  very  few  applications  where  the  displacements  were  small.  Their  more?  common 
use  has  been  as  snubbers  and  as  interface  devices  to  inhibit  the  transmission 
of  high  frequencies.  Even  in  these  latter  two  cases,  care  must  be  taken  in 
employing  elastomers  unless  their  inherent  damping  is  high,  since  to  be 
effective,  the  energy  absorbed  both  by  snubbers  and  interface  treatments  should 
be  largely  dissipative. 

Other  Considerations  of  Elastic  Elements.  With  regard  to  fluid-type 
elements,  another  factor  which  must  be  considered  in  their  application  is  the 
range  of  the  temperature  environment  in  which  they  will  be  expected  to  operate. 
Mechanical  systems,  of  course,  are  essentially  unaffected  by  temperature 
changes  of  the  magnitudes  of  those  encountered  in  protective  structures. 

Fluid  systems,  however,  are  and  their  excursions  from  their  nominal  static 
positions  due  to  these  changes  must  be  considered  in  design. 

Difference  equations  for  calculating  excursions  of  gas  and  liquid 
springs  due  to  changes  in  ambient  temperature  are  given  in  Reference  1.  It 
may  be  noted  that,  of  the  two  types  of  fluid  elements,  the  liquid  spring  is 
by  far  the  more  sensitive  to  temperature. 

Ease  of  adjustment  and  installation  of  systems  incorporating  fluid 
elements  are  also  superior  to  those  containing  mechanical  energy  storage 
devices.  Adjustements  to  return  the  isolation  system  to  its  nominal  position 
both  in  translation  and  rotation  aftt-r  changes  in  the  load  conditions  can  be 
easily  accomplished  in  a  fluid  system  by  the  injection  or  release  of  the 


appropriate  amount  of  fluid.  Indeed,  an  index  incorporated  in  the  fluid 
element  to  indicate  the  nominal  position  will  also  denote  its  position  m 
dynamic  equilibrium.  On  the  other  hand,  while  an  index  can  be  incorporated  in 
the  constant  frequence  element  to  indicate  the  return  of  the  system  lo  its 
nominal  static  position,  a  large  degi ee  of  dynamic  imbalance  .  i  L  this 
position  may  be  incurred  with  no  external  indication  that  the  imbalance  exists. 

Installation  and  replacement  of  the  fluid  element  are  also  more  readily 
accomplished  than  for  those  elements  whose  stored  energy  is  a  function  only 
of  position.  For  example,  the  installation  of  a  fluid  element  need  only 
consist  of  blocking  the  equipment  or  platform  in  its  nominal  position, 
installing  the  de-energized  fluid  elements,  and  energizing  them  by  the 
insertion  of  fluid  until  they  reach  sufficient  pressure  to  support  the  load. 
Removal  of  one  or  all  of  the  fluid  elements  can  be  accomplished  as  easilv  by 
blocking  the  load  at  its  static  position  and  relieving  the  pressure  on  the 
fluid  element. 

The  maintenance  required  and  the  frequency  at  which  routine  inspections 
should  be  made  for  each  of  the  three  basic  types  of  elastic  elements  depends 
directly  on  their  design  and  the  materials  employed  in  their  fabrication.  In 
general,  the  purely  mechanical  systems  will  require  little  maintenance. 
Maintenance  requirements  for  gas  isolators  are  principally  dependent  on  the 
leakage  rate  of  the  gas  and  the  life  of  the  seals.  The  maximum  leakage  rate 
of  gas  isolators  being  procured  for  the  SAFEGUARD  system  has  been  fixed 
at  that  which  will  permit  the  isolator  under  static  load  to  displace  1/2-inch 
in  a  1-year  period.  Preliminary  tests  indicate  that  a  much  lower  leakage 
rate  is  being  achieved.  These  isolators  employ  elastomeric  seals,  but 
although  they  have  a  guaranteed  life  of  10  years,  their  actual  life  in 
service  has  yet  to  be  determined. 

Other  detail  configurations  for  gas  isolators  are  possible,  however, 
depending  principally  on  requirements  imposed  by  the  application.  For  example, 
for  isolators  whose  displacement  requirements  are  small,  metal  seals  can  be 
employed,  thus  reducing  the  maintenance  requirement  to  that  comparable  to 
mechanical  systems. 

Maintenance  and  inspection  requirements  for  liquid  springs  are  no 
less,  and  are  probably  greater,  than  those  for  the  gas  spring.  Again,  however. 
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these  requirements  are  highly  dependent  on  the  design  of  the  particular 
element  and  its  service  environment. 

Energy-Dissipative  Elements.  It  Kas  been  noted  on  several  occasions 
that  the  inclusion  of  energy-dissipative  devices  in  the  isolation  system  has 
several  very  significant  advantages.  Damping  can  : 

•  Reduce  the  severity  of  response  spectrum  of  output  motion 

•  Reduce  the  effect  of  coupling  between  modes,  thus  reducing 
rattlespace  requiranent 

•  Restore  the  system  quickly  to  equilibrium 

•  Decrease  the  sensitivity  of  system  to  variations  in  input 
environment. 

Thus,  damping  may  improve  the  system  performance,  decrease  the  cost 
for  rattlespace,  and  increase  confidence  in  survival. 

Not  all  types  of  damping,  however,  are  effective  in  achieving  all 
of  these  benefits.  For  example,  while  some  types  may  attenuate  the  low- 
frequency  components  of  the  output,  they  may  also  increase  the  severity  of 
the  output  at  higher  frequencies.  Damping,  in  which  the  force  is  proportional 
to  some  power  of  the  velocity  greater  than  unity,  is  particularly  objection¬ 
able  in  this  regard,  and  becomes  more  undesirable  as  the  value  of  the  exponent 
increases.  This  characteristic,  of  course,  is  typical  ol  viscous,  hydraulic, 
and  quadratic  dampers. 

f\ 

Another  factor  which  must  be  considered  in  selecting  the  type  of 
damping  is  that  the  damping  force  should  not  prevent  the  system  from 
returning  after  an  excursion  to  a  position  near  its  nominal  one.  Coulomb  damping, 
where  the  damping  force  near  the  nominal  position  is  large,  has  this  disadvantage. 
To  overcome  this  disadvantage,  coulomb  dampers  installed  in  the  SAFEGUARD 
facilities  have  been  designed  to  generate  a  friction  force  which  is  proportional 
to  stroke,  the  constant  of  proportionality  being  selected  to  ensure  that  the 
system  will  return  within  a  close  tolerance  to  its  nominal  position.  The 
high-frequency  transmission  characteristics  of  the  SAFEGUARD  coulomb  dampers 
have  yet  to  be  investigated . 

In  addition  to  the  usual  requirements  for  high  reliability  and  low 
maintenance  and  cost,  performance  objectives  of  the  damping  element  are  to: 
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(a)  Provide  maximum  energy  dissipation  with  a  minimum  peak 
damping  force. 

(b)  Transmit  damping  forces  whose  frequencies  lie  only  within 
the  Low- frequency  region. 

le)  Permit  the  system  to  return  to  a  position  near  to  its 

nominal  one. 

(d)  Maintain  the  effective  damping  ratio  within  a  close  tolerance 

when  the  system  is  adjusted  to  offset  changes  in  load. 

Again,  of  course,  the  requirement  for  employing  elements  whose 
performance  characteristics  are  predictable  within  close  tolerance  and  with 
good  confidence  is  of  vital  importance.  Although  at  moderate  damping  ratios 
damping  does  not  influence  the  frequency  of  the  system  by  a  large  factor, 
small  differences  in  energy  dissipation  rate,  integrated  over  several  cycles, 
can  have  an  appreciable  effect  on  the  amplitude  of  the  motion.  Unless  all 
dampers  in  the  system  behave  in  the  same  manner,  the  system  may  become  unbalanced. 

Owing  to  the  low  damping  inherent  in  materials  from  which  i.'*  chan i cal 
springs  are  usually  fabricated,  it  is  necessary  to  parallel  this  type  oi 
elastic  element  with  a  separate  damping  device.  The  damper  may  be  of  tin* 
friction,  gas,  liquid,  or  other  type,  but  each  damper  must  be  sized  to  match 
the  spring  with  which  it  will  be  installed.  Whenever  the  load  on  the  associated 
spring  is  changed,  for  example,  to  compensate  for  a  change  in  center-of-gravitv 
location,  the  effective  damping  ratio  for  the  spring/damper  assembly  will  also 
change,  thus  contributing  even  further  to  imbalance  in  the  system.  While 
adjustments  could  be  provided  in  the  damper  to  reset  the  damping  ratio  to  its 
nominal  value,  the  system  is  already  imbalanced  owing  to  the  change*  in  spring 
load,  and  this  imbalance  is  greater  than  that  due  to  damping.  In  addition,  in 
general,  it  has  not  been  considered  to  be  advisable  to  incorporate  any 
more  adjustments  in  shock  isolation  systems  than  are  absolutely  essential  since, 
without  expert  operation  and  maintenance  supervision,  the  system  could  be 
imbalanced  even  further  without  any  physical  indication  that  this  situation 
exists. 

Both  in  gas  and  liquid  springs,  the  damping  element  cai.  ..  ant  :  porai 
in  the  same  unit  which  provides  energy  storage.  Damping  is  accompi • -  to 
installing  a  diaphragm  in  the  cylinder  containing  the  fluid  separating  it  u.,, 

two  smaller  volumes,  and  by  inserting  an  orifice  in  the  diaphragm.  Energy 
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dissipation  is  accomplished  by  forcing  the  fluid  through  the  orifice,  anu 
the  damping  rate  is  a  function  o£  the  orifice  size  and  the  two  cylinder 
volumes . 

Two  character  istics  of  a  fluid  spr 1 ng/dampp r  :  .vs  I  cm  < on ta i u i ng  an 
integral  dashpot  can  have  a  significant  and  beneficial  Impact  on  system 
performance.  First,  as  Che  orifice  is  in  series  rather  than  in  parallel  with 
the  elastic  element  , the  transmission  of  high  frequencies  by  orifice  flow  is 
reduced.  This  feature  permits  the  use  of  higher  damping  ratios  than  would 
be  acceptable  were  the  damper  placed  in  parallel  with  the  spring.  Second, 
throughout  large  variations  in  load  on  the  isolator,  the  effective  damping 
ratio  remains  essentially  constant.  As  the  frequency  of  the  elastic  element 
also  remains  constant  during  changes  in  load,  the  isolation  system  remains 
balanced  under  off-nominal  conditions  without  the  need  for  external  adjustment. 

If  the  orifice  area  were  set  equal  to  the  cylinder  area,  obviously  the 
system  would  be  undamped  and  the  equilibrium  frequency  of  the  elastic  element 
would  be  a  function  of  the  total  volume  of  the  cylinder.  On  the  other 
hand,  if  the  orifice  area  were  set  equal  to  zero,  again  the  system  would  be 
undamped  but  the  system  frequency  would  now  be  a  function  of  the  total  volume 
of  the  cylinder,  less  the  volume  of  the  damping  chamber.  Between  these  two 
limiting  orifice  areas,  therefore,  there  must  be,  and  there  is,  an  oriiice 
area  which  will  result  in  a  maximum  damping  ratio  attainable  by  the  spring/ 
damper  assembly.  For  the  gas  isolators  employen  in  the  SAFEGUARD  system 
whose  equilibrium  isothermal  frequencies  are  O.b  Hz  and  whose  loads  vary 
from  900  t r  20,000  pounds,  the  maximum  damping  ratio  was  found  to  occur  when 
the  ratio  of  the  areas  of  the  orifice  to  the  cylinder  cross  section  was  about 
0.001. 

The  maximum  effective  damping  ratio  which  van  be  attaineci  has  been 
found  to  be  a  function  of  the  ratio  of  the  volume  of  the  damping  chamber 
to  tnat  of  the  remainder  of  the  cylinder  volume.  Again,  for  the  SAFEGUARD 
isolators  this  ratio  was  found  to  be  cbout  2.0,  that  is,  the  volume  of  the 
dampirg  chamber  was  about  two-third«;  of  the  total  volume  of  the  cylinder  at 
the  equilibrium  position  of  the  system.  With  this  volume  ratio,  effective 
damping  ratios  of  2h  percent  of  critical  were  found  to  be  achievable. 

It  should  be  noted  that  all  practical  damping  mechanisms,  other  than 
the  viscous  damper,  are  nonlinear  ar;d  thus  the  term  "damping  ratio"  which 


delines  the  amount  1  damping  in  a  viscously  damped  svstem  does  not  upplv 
to  them.  To  equate  the  energy  dissipated  in  one  steady-state  cycle  ni  a  svst  em 
i  ucot  pc  at  i  ng  a  nonlinear  damping  clement  with  that  dis  ip/ited  in  i 
vis  ouslv  damped  svstem,  the  concept  oj  i  va  1  en  I  viscous  dampl  iif.  ratio" 

was  advanced  in  Reference  IS.  For  transient  motions,  however,  equivalent 
viscous  damping  ratio  has  no  significance,  and  thus  to  quantify  the  energy 
dissipation  rate  of  a  nonlinearly  damped  system,  other  criteria  must  be 
employed . 

One  of  the  prime  objectives  of  incorporating  damping  in  a  shock 
isolation  system  is  to  reduce  the  severity  of  the  response  spectrum  of  the 
output  motion.  This  objective  is  accomplished  by  causing  the  response 
motions  to  subside  quickly  and,  in  accomplishing  this  attenuation,  to  introduce 
as  few  high-frequency  responses  as  possible.  It  would  appear  then  that  the 
response  spectium  of  the  decaying  motion  might  be  employed  as  a  criterion  of 
the  effectiveness  of  various  damping  mechanisms.  However,  this  concept  has  yet 
to  be  developed. 

In  this  report,  the  term  "effective  damping  ratio"  is  used.  Effective 
damping  ratio  is  based  on  a  comparison  of  the  decay  rate  of  a  given  system 
with  that  of  a  viscously  damped  system.  The  comparison  is  made  for  the 
condition  where  both  systems  are  energized  by  a  step  displacement  of  a 
specified  magnitude.  The  systems  are  then  permitted  to  oscillate  freely  and 
their  peak  amplitudes  of  the  second,  third,  fourth,  or  other  specified 
cycle  are  compared.  In  the  examples  cited  above,  peak  amplitudes  of  the 
second  cycle  was  used  as  a  basis  for  comparison. 

It  should  be  remembered,  however,  that  the  prime  objective  still  is 
to  reduce  the  severity  of  the  response  spectrum  of  the  output  motion.  Thus, 
m  selecting  the  amount  of  damping  to  include  in  the  isolation  system,  the 
criterion  should  simply  be  that  amount  which  results  in  the  least  severe 
spec  trum. 

Neither  analytical  nor  experimental  data  have  been  generated  which 
define  the  fundamental  performance  characteristics  of  liquid  springs  incorporating 
integral  damping  elements.  While  the  basic  mechanisms  are  essentially  the 
same  as  those  of  gas  springs,  the  large  numerical  differences  in  the  properties 
"f  i  liquid  and  those  of  a  gas  unquestionably  shift  their  transmitted  motions 
t  i  higher-frequency  range.  Until  further  work  is  done  on  the  fundamental 
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behavior  of  liquid  spring/damper  devices,  however,  the  advan  iges  >f  the 
liquid  spring  in  this  application  cannot  be  properly  evaluated. 

In  t  lie  overhead  pendulum  suspension  svsteni,  veitic.il  si  1  I  lues  is 

provided  h  V  elastic  elements  i  nr  m  porn  I  nd  in  1  I  ■  >  -  pi  n<  In  I .  n  i  ms  .  I . .  I  I , 

dampers  can  be  installed  either  in  parallel  with  the  <la:,tj<  element  m 
integral  with  it.  Stiffness  In  the  horizontal  direction,  however,  is  due 
only  to  gravity,  and  there  are  no  horizontal  elastic  elements.  Thus,  if 
damping  is  to  be  provided  in  the  horizontal  direction,  special  devices  must 
be  ins  La  lied. 

Horizontal  damping  devices  can  easily  be  installed  in  overhead 
pendulum  systems,  of  course,  and  in  the  early  M1NUTKMAN  Wings  thev  were 
employed.  Later  in  the  M1NUTEMAN  facilities  these  horizontal  dampers  were 
removed  but  the  fault  lay  not  with  the  dynamic  principle  but  with  the  design 
of  the  dampers  themselves.  However,  one  of  the  attractions  of  the  over  head 
pendulum  system  has  been  that  they  require  no  horizontal  stiffness  elements. 

If  dampers  must  be  installed,  the  attractiveness  of  this  configuration  is 
greatly  diminished. 

None  of  the  pendulum  support  systems  to  be  installed  in  the  SArEGlJARL> 
facilities  incorporate  horizontal  dampers.  This  decision  was  justified  on 
the  basis  of  two  considerations.  First,  it  hoped  that  there  will  he  sufficient 
friction  in  the  pendulum  connections  to  damp  the  lateral  oscillation  of 
pendulum  systems  within  a  reasonable  period  of  time.  Although  the  friction 
forces  will  be  small,  their  effectiveness  will  be  erhanced  by  the  very  ) ow 
horizontal  frequencies  of  most  of  the  pendulum  c-stems.  Second,  also  owin  to 
the  very  low  lateral  frequencies  of  the  system,  response  spectra  of  the 
horizontal  output  motion  can  tolerate  higher  amplification  ratios  without 
exceeding  the  horizontal  tolerance  spectra  for  the  supported  equipment. 

CONNECTIONS. 

In  some  shock  isolation  system  installations,  the  combined  elastic/ 
damping  element  itself  forms  the  connecting  link  between  the  isolated  load  and 
hard  structure.  In  other  systems,  notably  overhead  pendulum  configurations, 
auxiliary  Conner  tors  are  required  to  satisfy  a  fixed  dimension  between  the 
hard  structure  and  the  supported  load.  Where  auxiliary  connectors  are  to  be 
employed,  it  is  preferable  that  they  be  installed  between  the  elastic /damper 


assembly  and  the  hard  structure  to  avoid  exposing  the  e  last :  c  /dnmpei  i.-..-,t-mbly 
which  is  usually  the  more  sensitive,  to  the  full  strength  ot  'h.-  .u  ' 
environment.  In  either  case,  the  entire  connectoi  asseml  lv  is  ■  iib  |ei  i  .  to 
'noth  axial  and  slu'at  loads  which  at  the  ha  rd -moiin  I  e<l  end  me  I  v|>n  i  I  "I  in 
in-neiateil  hv  the  input  shock  euv  i  i  <  'iitnen  I  ,  mill  at  l  lie  :.h<  ><  I.  i  m  >  I  1 1 -il  end  I.-/ 
those  typical  of  the  isolation  system  response. 

Whether  or  not  an  auxiliary  connector  is  employed,  design  objectives 
for  the  connecting  members  between  the  isolation  system  and  the  hard  structure 
are  that  they  have  adequate  strength  to  prevent  permanent  deformation  and  that 
they  will  not  transmit,  when  excited  dynamically,  a  significant  amount  ot 
high-frequency  energy  to  the  supported  load.  Thus,  both  the  mass  and  the  iu- 
and  out-of -plane  stiffnesses  of  the  connector  assembly  are  parameters  which 
will  have  an  impact  on  system  performance. 

Problems  with  connector  assemblies  most  frequently  encountered  in 
the  past  have  been  due  principally  to  insufficient  consideration  being  gi'en 
to  the  many  details  which  govern  their  dynamic  behavioi .  Excessive  bending 
in  the  auxiliary  connector  due  to  combined  axial  and  transverse  loads, 
lateral  impacting  between  piston  rods  and  their  clearance  holes  and  between 
helical  springs  and  the  walls  of  their  containers,  and  suiges  in  the  basic- 
elastic  and  damping  elements,  also  sometimes  accompanied  by  impact,  all  h.o, 
led  to  a  performance  of  the  system  less  satisfac  tory  than  expect- d,  ii  net  to 
structural  failure. 

Although  connector  assemblies  are  often  treated  in  early  analyses  '£ 
system  performance  as  massless  elements,  they  are  not.  Not  onlv  Can  theii 
masses  and  elastic  properties  have  significant  effects  on  the  periormanci-  of 
the  isolation  system  as  a  whole,  but  the  dynamic  loads  on  the  connectors 
themselves  cannot  be  determined  unless  these  properties  are  considered.  loo 
often  have  these  aspects  of  the  design  configuration  been  overlooked  in  the  u<  sij. 
analyses . 

In  overhead  pendulum  systems  where  the  output  motion  is  attenuated 
to  less  than  one  g,  the  use  of  auxiliary  connectors  fabricated  from  chain 
or  cable  has  often  been  suggested.  In  employing  elements  which  will  not 
carry  compression,  however,  care  must  be  taken  to  ensure  that  no  compression 
will  occur  in  all  significant  modes  of  the  connectors,  not  just  in  their 
fundamental.  Once  the  connector  is  unloaded  axially,  severe  transients  mav  be 
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generated  when  the  load  is  re-established.  in  general,  the  use  ui  co',ii*»c  .. -rs 
which  have  abrupt  discontinuities  in  their  elastic  properties  should  lm 
avoided . 

The  need  for  ad  just  men!  in  length  of  Liu  cnnn<-<  t  u>n  helve-  h  tie  li  it*1 
Structure  and  the  supported  load  to  compensate  tor  chani  <‘S  in  sl.H  ic  f.  nl 
and  load  location  and  to  offset  manufacturing  tolerances  in  the  stiffness 
of  the  elastic  element  was  mentioned  earlier.  Another  requirement  for  length 
adjustment  is  imposed  by  tolerances  in  the  construction  ui  the  protective- 
structure  itself.  For  base-mounted  systems  the  variation  between  a  true 
horizontal  and  the  level  of  the  base  usually  may  be  neglected.  For  overhead 
pendulum  systems,  however,  where  the  equipment  must  be  oriented  with 
respect  to  a  floor  but  the  system  is  attached  to  a  ceiling,  a  significant 
difference  in  the  nominal  and  the  possible  lengths  must  be  expected.  '-'or 
example,  in  the  SAFEGUARD  system  the  possible  variation  in  the  distance 
between  a  floor  and  a  ceiling  was  set  tentatively  at  +;  i  inches.  To  dan  , 
post -construe tion  measurements  have  not  been  made  to  veiity  tlus  estimate. 

In  a  fluid  spring,  compensation  for  changes  in  static  load  can  be 
made  by  inserting  or  withdrawing  fluid  from  the  unit  so  that  its  nominal 
length  always  remains  the  same.  Thus,  only  compensation  lor  building  tolerance's 
need  be  incorporated  in  the  connector  assembly.  On  the  other  hand,  unless  they 
are  provided  with  a  means  for  stiffness  adjustment,  mechanical  springs  will 
not  assume  the  same  nominal  position  when  adjusted  for  load  changes  ot  & t i l fees ;s 
tolerances.  For  connector  assemblies  incorporating  mechanical  springs,  there¬ 
fore,  provisions  for  accommodating  changes  in  length  due  to  load  variations, 
stiffness  tolerances,  and  variations  in  building  dimensions,  all  must  be 
provided . 

3.2.7  ATTACHMENTS. 

Fittings  to  attach  the  connector  assemblies  to  the  shock- isolated  1<  al 
and  to  the  hard  structure  also  must  be  giver,  careful  attention  in  their  desig; 
if  the  performance  objectives  of  the  system  are  to  be  satisfied.  Structural 
integrity,  obviously,  is  a  basic  requirement  of  the  fittings, but  the  possibilit, 
that  they  may  generate  high-frequency  noise  is  a  consideration  of  no  less 
importance.  To  avoid  the  generation  of  noise,  abrupt  changes  in  the  elastic 
properties  of  all  contributing  mechanisms  must  be  avoided.  The  most  important 
of  these  mechanisms,  of  course,  is  the  impacting  of  any  of  the  mechanical 
elements  comprising  the  attachment  configuration. 
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It  is  essential,  therefore,  that  the  transraissibility  of  all  potentially 
impacting  mechanisms  be  reduced  first,  by  minimizing  the  severity  of  the 
impact  by  specifying  close  manufacturing  tolerances , and  second,  by  the  use 
ol  interface  damping  materials  to  reduce  the  severity  of  those  impacts  which 
cannot  otherwise  he  avoided. 

To  reduce  the  effects  of  impact,  fittings  for  at  t  .n  hi  ng  th<-  c ounce l nt 
assemblies  to  the  load  and  to  the  environment  should  specify  tolerances 
closer  than  those  usually  attainable  in  field  fabrication.  The  fittings  should 
be  structurally  stiff  and  all  mating  surfaces  should  be  machined  to  obtain  t he 
closest  practical  tolerances.  The  fittings  should  then  be  installed  on  tin- 
platform  and  to  the  hard  structure  by  bolts  unless  a  welding  technique  is 
employed  by  which  it  can  be  assured  that  the  effects  of  distortion  will  not 
exceed  the  specified  fitting  tolerances. 

Despite  these  precautions,  however,  the  elimination  of  all  potentially 
impacting  elements  in  metal  attachment  fittings  is  a  practical  impossibili t  ■. 
Thus,  in  any  case,  provisions  should  be  made  through  the  use  of  preloaded, 
hysteretic  elastomers  to  minimize  the  effect  of  impact.  The  use  of  soft 
materials  at  attachment  fittings  and  other  interfaces  in  the  connector 
assembly,  however,  should  not  be  adopted  without  careful  regard  to  their 
elastic  and  dissipative  properties  and,  thus,  their  effect  on  th(  dynamic- 
performance  of  the  system.  For  example,  if  the  force-displacement  characterise 
of  such  materials  is  largely  elastic  rather  than  dissipative,  they  can 
augment  rather  than  attenuate  responses  of  the  system. 

3.2.8  TWO  SPECIAL  BASE  MOUNTED  ISOLATORS. 

In  view  of  some  of  the  problems  associated  with  conventional  base 
mounted  shock  isolation  systems,  two  new  types  of  base  mounted  isolators 
were  studied  for  their  specific  applications  to  the  SAFEGUARD  facilities. 

Both  types  have  the  feature  of  one  isolator  assembly  providing  uncoupled 
vertical  and  horizontal  stiffness.  The  first  type,  as  shown  in  Figure  1-10, 
is  called  a  short-pendulum  isolator.  Schematically,  it  consists  ol  n  base 
plate  that  is  connected  to  the  floor  through  short-rigid  pendulums  ami  a 
casing.  An  isolator  elastic  element  and  damper  is  rigidly  fixed  t<>  the 
base  plate  and  connected  through  swivel  joints  to  the  platform.  to  minimize 
the  assembly  size,  the  pendulum  length  is  limited  to  twelve-  inches,  whic.i 
corresponds  approximately  to  an  uncoupled  horizontal  pendulum  frequency  of 
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one  cps.  The  assembly  may  be  mounted  directly  underneath  the  platform  or 
at  the  aide  of  the  platform  to  decrease  the  floor  clearance  requirement. 


•vim  join 


wnca 

1  MATOS 


Figure  1-10.  Arrangement  of  a  Short  Pendulum  Type  of  Isolator. 


The  second  type  of  system  uses  a  rolling  ball  element  on  a  spherical 
concave  plate.  The  radius  of  curvature  of  the  concave  plate  determines  the 
uncoupled  horizontal  frequency  of  the  unit.  An  elastic  element  and  damper 
is  installed  between  the  platform  and  the  rolling  ball  assembly  to  provide 
vertical  Isolation.  Under  a  normal  loading  condition,  the  rolling  action 
causes  local  yielding  of  the  plate  material.  This  feature  is  desirable  not 
only  because  a  relatively  small  ball  is  required  to  support  a  sizable  load, 
but  also  the  yielding  action  provides  slight  damping  in  the  horizontal  direction 
Figure  1-11  shows  the  installation  of  the  rolling  ball  isolator  in  a  platform. 
This  method  of  installation  facilitates  servicing  of  the  isolator  and  minimizes 
the  floor  clearance  requirement. 


Figure  1-11.  Arrangement  of  a  Rolling  Ball  Type  of  Isolator 


Even  though  a  complete  experimental  evaluation  of  these  types  of 
Isolators  has  not  been  conducted  there  are  sufficient  analytical  results 
to  demonstrate  their  feasibilities.  Considering  the  many  advantages 
offered,  especially  the  relatively  small  space  requirements  under  the  platform, 
these  types  should  be  evaluated  more  thoroughly  and  specified  as  typical 
types  of  base  mounted  shock  Isolators  to  be  used  in  SAFEGUARD  facilities. 


SECTION  4:  THEORY:  SHOCK  ISOLATION  SYSTEM  OK  A  RICIU  Fl.ATi'oRM 


4.1  l  NTROIM'C'ITON  . 

4.1.1  HAl'KOROHNI). 

Base  motions  to  which  t‘i|ii  i  jxnent ,  hard -monn Led  ir  advanced  ( a i <  )<*,n 
protective  structures,  could  be  exposed  during  attack  .no  ireqti.'ritlv  is  t  i  ira  t  <  d 
to  be  well  beyond  the  tolerance  range  of  the  equipment.  Even  it  t.l.e  >qu  i  |*nt  n  t 
is  designed  specifically  for  the  application,  it  is  often  more  economical  ' o 
provide  shock  isolation  than  to  build  sufficient  ruggedness  into  the  equipment 
itself  to  ensure  survival.  Thus  one  of  the  critical  tasks  in  designing  such 
a  facility  is  to  estimate  the  ruggedness  level  of  the  commercial  equipment 
to  be  installed  in  the  equipment  and  to  perform  trade-offs  for  specialized 
gear  to  determine  whether  hardening  or  shock  isolating  will  be  the  more 
advantageous.  Once  the  decision  for  shock  isolation  has  been  reached,  the 
only  problem  remaining  is  to  devise  a  system  which  will  achieve  the  goal1' 
established  for  shock  attenuation,  cost,  and  reliability. 

However,  shock  isolation  svstems  installed  in  earlier  protei  tivi 
structures  have  been  plagued  by  a  host  of  problems  which  have  required 
extensive  cost  and  time  to  rectify.  Indeed,  it  is  probable  that  man-,  pinblcm 
areas  inherent  in  these  systems  have  yet  to  be  identified.  In  recognition  01 
many  of  these  deficiencies  a  comprehensive  study  directed  toward  their 
prevention  in  the  SAFEGUARD  program  was  initiated  early  in  1969  by  the  U.S.  <n\\ 
Engineer  Division,  Huntsville  (USAEDH).  The  program  encompassed  the  deve lopmea t 
of  detailed  design  criteria,  and  the  formulation  of  standard  design  techni  oes. 
Later  work  will  include  drafting  a  modest  proof -test  program  to  ensure  that 
the  program  objectives  have  been  met.  This  approach  was  based  m  the  tanviitim 
that  by  placing  major  emphasis  on  the  achievement  of  a  sound  design ,  iosii, 
testing  could  be  reduced  significantly, and  rework  minimized  or  even  <•  1 iminn: • d 
without  sacrificing  system  reliability. 

4.1.2  ANALYSIS  METHODS. 

In  this  section,  equations  e  developed  for  certain  configurations  aid 
isolator  elements  which,  properly  selected  and  designed,  should  find  wide 
application  in  protective  structures. 


r 
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In  Section  4.2  derivations  are  presented  of  the  equations  of  mot  in 
of  a  six  degree-of-f reedom  spring-pendulum  type  of  shock  isolation  system. 

The  equations  are  formulated  for  a  general  system  supporting  a  rigid  hodv 
and  where  both  the  locations  and  the  physical  characteristics  of  the  i  litm 
elements  ran  be  specified  arbitrarily.  Two  special  base-lie  "in  I  •  *tl  shock  i  olatuis, 
the  short- pendulum  and  the  rolling-ball  types,  are  discussed  in  Section 
Owing  to  the  unusual  physical  constraints  inherent  in  these  isolators, 
their  forces  and  moments  are  not  described  by  the  more  general  equations 
developed  in  Section  A. 2.  Thus,  in  Section  4.3,  equations  are  derived  for 
calculating  forces  and  moments  for  the  special  base-mounted  shock  isolators. 

Where  both  the  system  configuration  and  elements  can  be  considered  as 
linear,  the  normal  mode  method  can  be  applied  effectively  to  calculate 
dynamic  responses.  Further,  with  this  type  of  system  response,  spectra  of 
the  input  disturbances  may  be  used  to  establish  a  maximum  bound  of  the 
responses.  This  method  of  analysis  is  described  in  Section  A. A. 

A  method  of  synthesizing  a  waveform  to  match  a  given  response 
spectrum  is  presented  in  Section  4.5.  The  method  employs  a  series  of  ti.iusiei  i 
sinusoidal  components  whose  frequencies  can  be  assigned  arbitrarily  and  wl  osi- 
amplification  ratios  can  oe  matched  approximately  to  those  of  t.ne  ,>a;  ir 
disturbance.  Tire  derivations  of  various  equations  for  representing  isolator 
elastic  elements  and  damping  values  are  included  in  the  last  sectioi.. 

Many  variables  are  employed  in  the  derivations,  and  in  each  section, 
the  variables  are  defined  when  they  first  appear.  Capital  letters  are  useo 
to  indicate  vectors  in  Sections  A. 2  and  A. 3  only.  In  other  sections  vectors 
are  represented  by  a  bar  under  the  letter. 

A. 2  EQUATIONS  OF  MOTION  FOR  A  RIGID-BODY  SIX  DEGREE-OF- FREEDOM  SHOCK 

ISOLATION  SYSTEM. 

A. 2.1  INTRODUCTION. 

One  type  of  shock  isolation  suspension  configuration  which  has  lm  ml 
wide  application  in  protective  structures  is  the  spring-pendulum  system.  Sev  .  ;1 
items  of  equipment  which  are  known  or  suspected  of  being  sensitive  to  t  lie- 
design  shock  are  gathered  together  and  mounted  on  a  single  platform.  The 


1-80 


platform  Is  then  suspended  from  the  ceiling  by  pendulum  arms  in  which  elastic 
and  possibly  damping  elements  are  Installed.  The  advantage  of  the  spring- 
pendulum  system  is  that  it  employs  gravity  as  the  horizontal  restoring 
force  thus  obviating  the  need  for  Independent  horizontal  isolators. 

Properly  designed,  the  pendulum  suspension  system  can  be  very 
effective  from  both  the  viewpoints  of  performance  and  cost.  However,  in  their 
design  and  analysis,  as  in  those  of  most  other  types  of  shock  isolation 
systems,  there  are  certain  physical  mechanisms  which  are  too  frequently 
overlooked  with  the  result  that  these  systems  rarely  achieve  their  full 
potential . 

To  ensure  that  these  effects  are  not  omitted  from  analyses  of  SAFEGUARD 
systems,  equations  of  motion  for  a  six  degree-of -freedom  spring-pendulum 
type  shock  isolation  system  are  derived  in  this  section.  A  mathematical 
model  is  constructed  to  represent  the  dynamic  characteristics  of  a  rigid 
platform  suspended  by  multiple  spring/damper  elements  to  a  building  structure 
which  provides  excitations  to  the  shock  Isolation  system.  The  equations  are 
derived  for  a  system  such  that  both  the  locations  and  the  dynamic  characteristic 
of  the  spring/damper  elements  can  ba  specified  arbitrarily.  The  center  of 
gravity  of  the  system  may  also  be  at  any  location.  The  weight  distribution 
of  the  platform  may  also  be  non-syosnetric . 

There  are  many  possible  approaches  to  the  development  of  equations  of 
motion  of  the  shock  isolation  system.  When  response  rotations  cannot  be 
neglected,  the  approach  usually  adopted  is  to  write  the  basic  equations  of 
motion  with  respect  to  a  coordinate  system  fixed  to  the  platform.  The 
principal  argument  is  that  in  this  formulation  the  inertia  tensor  is  invariant. 
However,  the  equations  tend  to  be  more  cumbersome,  and  extensive  trans¬ 
formations  must  be  applied  to  resolve  forces  and  moments  into  the  platform- 
fixed  coordinate  system. 

The  approach  taken  here  is  to  develop  the  basic  equations  of  motion 
with  respect  to  a  coordinate  system  fixed  in  inertia  space,  and  to  accept  the 
complexity  associated  with  a  variable  inertia  tensor.  It  Is  felt  that  this 
formulation  is  easier  to  visualize  in  a  physical  sense,  and  is  readily  adapted 
to  digital  computer  solutions. 
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Approaches  for  calculating  the  initial  displacements  of  the  platform 
are  discussed.  Linearisation  of  the  equations  of  motion  for  small  platform 
rotations  Is  also  shown  In  this  section. 

4.2.2  COORDINATE  SYSTOiS. 

t 

It  Is  convenient,  in  describing  the  motion  of  the  platform,  to 
consider  several  Cartesian  coordinate  systems  as  shown  in  Figure  1-12. 

Since  the  basic  equations  are  written  in  terms  of  motion  with  respect  to 
Inertia  space,  an  inertial  coordinate  system  is  defined.  The  axes  of  this 
coordinate  system  are  denoted  by  the  subscript  I  in  Figure  1-12.  A  second 
(moving)  coordinate  system  is  assummd  to  be  fixed  (locally)  to  the  building 
structure.  Since  translational  motion  only  (no  rotation)  of  the  local  region 
of  the  building  is  to  be  considered  (maximum  dynamic  rotation  angle  of  all 
siajor  SAFEGUARD  structures  has  been  found  to  be  less  than  0.25  degree),  the 
axes  of  this  coordinate  system  are  assumed  to  reculn  parallel  to  the  corresponding 
axes  of  the  inertia-fixed  system.  The  axes  of  this  coordinate  system  are 
denoted  by  the  subscript  B  in  Figure  1-12.  It  is  the  motion  of  this 
coordinate  system  in  inertia  space  which  constitutes  the  excitation  to  the 
shock  isolation  system.  Displacement  of  the  origin  of  the  building-fixed 
coordinate  system  with  respect  to  the  origin  of  the  inertia-fixed  coordinate 
system  is  denoted  (Figure  1-12), 


*T 


Figure  1-12.  Coordinate  Axes  of  Shock  Isolation  System 

A  third  coordinate  system,  the  axes  of  which  are  denoted  by  the 
subscript  T,  has  its  origin  fixed  at,  and  moves  with,  the  center  of  gravity  of 
the  platform  system.  The  axes  of  this  coordinate  system  remain  parallel 
to  the  corresponding  axes  of  the  building- fixed  (and,  therefore,  the  Inertia- 
fixed)  coordinate  system.  The  displacement  of  the  center  of  gravity  of  the 
platform  system  with  respect  to  the  origin  of  the  bulldlng-fixed  coordinate 
system  is 
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Finally,  a  fourth  coordinate  system  is  defined  with  its  origin  fixed 
at,  and  moving  with,  the  center  of  gravity  of  the  platform  system,  and  with 
its  axes  fixed  with  respect  to  the  platform  (which  is  assumed  to  be  rigid); 
that  is,  this  coordinate  system  both  translates  and  rotates  with  the  rigid 
platform.  The  axes  of  this  coordinate  system  are  denoted  by  the  subscript 
R  in  Figure  1-12,  and  its  angular  orientation  in  space  is  defined  by  the 
successive  rotations  through  the  angles  y  ,  0,  and  a  right-handedly  about  the 
positive  ,  yR  and  xR  axes  respectively. 

A. 2.3  EQUATIONS  OF  MOTION. 

Newton's  equations  of  motion  for  the  platform  system  can  be  written 


®^ci  =  F(XCB*  xcb*  °*  Y*  Y)  + 


It  Ivl 


L  (XCB*  *CB*  a*  Y»  ®»  t) 


where 


force  vector,  i.e.  force  due  to  the  suspension 
system  springs  and  dampers 
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acceleration  force  due  to  gravity 
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*T  1 

XX 

xy 

XX 
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tt 
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yx 

yy 
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IT 

IT 

yx 

zy 

rotatory  inertia  tensor  of  the  platform 
system  with  respect  to  the  x^,  y^,  and 
coordinate  systems  ' 


n 


angular  velocity  vector,  the  components  being 
taken  right-handedly  about  the  positive  Xj ,  y  , 
and  Zj  axes  respectively 


L 


moment  vector;  4.e.  moment  due  to  the  forces  in 
the  suspension  system  springs  and  dampers 


Note  that  the  inertia  tensor  is,  in  general,  a  function  of  the  angul 

position  of  the  platform  system.  The  inertia  tensor  I_,  referenced  to  the 
platform-fixed  coordinate  system,  is  constant  and  can  be  computed  from  the 
known  mass  distribution  of  the  platform  system  and  the  assumed  initial  orien¬ 
tation.  Transformations  of  vector  and  tensor  components  from  one  coordinate 
system  to  another  are  considered  in  the  next  subsection. 

Since  X^  =  X  j  +  XCB  ’  Equati°n  1  can  b.  rewritten  in  mere 
convenient  form  as 

“cb  ■  r  *  0  -  “Si 


and  MXjjjb  the  local  translational  accelerations  of  the  building  structure, 
can  be  considered  as  forcing  functions. 
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A. 2. 4  TRANSFORMATION  OF  COORDINATES. 

Vectors  can  be  transformed  between  the  K  and  1  coordinate  systems 
as  follows: 

*T  -  ^ 

f4) 

*R  *  A% 

where  A  is  the  orthogonal  transformation  matrix  (of  direction  cosines) 


cos  6  cos  y 


cos  6  sin  y 


-sin  0 


-cos  a  sin  y  sin  a  sin  y 

+sin  a  sin  0  cos  y  +cos  a  sin  0  cos  y 


cos  a  cos  y 
♦sin  a  sin  0  sin  y 

sin  a  cos  0 


-sin  a  cos  y 
♦cos  a  sin  0  sin  y 

cos  a  cos  0 


and 


A“* 


The  inertia  tensor  I 

r  p***! 

!T  "  I  -yTXT 

4  h* 


can  be  defined 

by 

-¥t 

_XTZT 

"yTZT 

”*¥t 

*T  +  yT 

pdV  <5) 


where  D  is  the  domain  of  the  platform  system,  dV  is  a  volume  element,  and  p  is 
the  mass  density  of  the  volume  element. 


Equation  5  may  be  written  in  matrix  form  as 

‘  /  [|*tIt  I*tI  w  -  Pt)  I*tIt] 

•'d 
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and  [d]  is  the  unit  matrix 


10  0 
0  10 
0  0  1 


Using  Equation  4,  Equation  6  can  be  written 

**  ■  /  [l«*l  t  l«»l  M  - 


which  can  be  reduced  to 


h  '  *  [  / ’  [l*.  I T  WW  -  ISI  I**!  *]  ] 


or 


XT  * 


(7) 


where  Ip  ia  the  Inertia  tenaor  with  respect  to  the  platform-fixed  coordinate 
system,  and  is  constant  in  time.  Equation  ?  provides  a  means  for  calculating 
the  variable  inertia  tensor  I-  from  the  body-fixed  Inertia  tensor  Ip  and  the 
rotational  matrix  A. 

The  velocity  with  respect  to  the  non-rotating  platform-^ixed 
coordinate  system  of  a  point  P  fixed  at  Xj^  in  the  platform  system  is 


o  w 

•  "Si 


(8) 


Since  X^  is  constant,  X^,  can  also  be  expressed  in  terms  of  the 
angular  velocity  (2  of  the  platform  system;  that  is 


0  * 


■  0  * 


"Si 


•  9) 
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where  the  vector  cross  product  is  indicated.  In  matrix  notation  Equation  9 
can  be  written  as 


*T 


<  lo) 


where  Q  *  is  replaced  by  ♦  and 


0 


♦ 


« 


“V 


u 


0 


J 


The  validity  of  this  expression  can  be  demonstrated  by  carrying 
out  the  vector  cross-product  operation  indicated  in  Equation  9,  and  comparing 
with  the  vector  product  in  Equation  10.  Note  that,  since  an  angular  orienta¬ 
tion  is  not  a  vector  quantity  except  in  the  limit  for  small  angles,  the 
angular  orientation  (a,  0  ,y)  cannot  be  obtained  by  integrating  Q . 


Comparing  Equation  8  with  Equation  10,  it  is  clear  that 


A  -  ♦  A 


<11  ) 


Substituting  Equation  7  into  Equation  2 

It  lAVT°i  •  1 


or 


[aIrAT  ♦  AIpA1  J  Q  ♦  Alj^ti  -  L 

end  using  Equation  11 

[♦AIjjA1  ♦  AI^V]  11  ♦  AI^B  -  L 


(12) 
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and  finally 


ItQ  *  •  l  U3) 

Bote  that  [*1^,]  Tn  -  0 

Equation  13  represent*  three  second-order  differential  equations  which 
can,  in  principle,  be  Integrated  to  yield  the  angular  velocities  w^,  «#y,  and 
»  .  Equation  11  can  be  integrated  once  to  yield  A,  which  is  required  to 
coapute  from  Equation  7.  The  angular  orientations  a,  4, 7  can  also  be 
computed  from  elements  of  A. 

Equation  3  can  be  Integrated  twice  to  yield  the  velocity  XCR  and  the 
displacement  X^B  of  the  platform  center  of  gravity  with  respect  to  the  build¬ 
ing  fixed  coordinate  system.  This  velocity  and  displacement  are  required 
to  coapute  the  support  systea  spring  and  das per  forces. 

To  obtain  the  rattlespace  requireaent,  it  is  desirable  to  compute 
motions  at  selected  points  on  the  platform  system.  The  displacement  in 
inertia  coordinates  Xj  of  a  point  P  on  the  platform  (See  Figure  1-12)  is. 

XI  - 

or,  using  Equation  U 

*i  "  Si  +  xcb  +  "Si 

and 

*1  "  Sl**CB+*S 

-  *BI  +  *CB+*AXH 
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Xj  -  ♦  XCB  ♦  [$A  +  4]  Xfl 

•  *11  *  *CB  *  [♦  *  *2]  "St 


(Ik) 


In  some  cases  it  may  be  desirable  to  determine  the  components  of 
this  absolute  acceleration  in  the  platform-fixed  coordinate  system,  such 
as  would  be  sensed  by  an  accelerometer  attached  to  the  platform. 


The  transformation  of  Equation  4  can  be  applied  to  give 

*n  -  A  (15» 

where  is  the  absolute  acceleration  vector  referred  to  platform-fixed 
coordinates . 


4.2. S  FORCES  AND  MOMENTS  DUE  TO  SPRINGS  AND  DAMPERS. 

Let  (AL^,  aL^)  be  the  magnitude  of  the  force  acting  on  the 

platform  through  the  1-th  suspension  element,  where  AL^  is  the  change  in 

length  of  the  i-th  suspension  element  from  its  free  length  L  and  AL  is 

i  1  * 

the  time  rate-of-change  of  AL  .  Let  X  be  the  coordinates  of  the  point 

X  D 

of  attachment  of  the  i-th  suspension  element  to  the  building  (in  the  building- 
fixed  coordinate  system)  and  let  X^  be  the  coordinates  in  the  platform-fixed 
coordinate  system  of  the  point  of  attachment  of  the  i-th  suspension  element 
to  the  platform.  Then 


(16) 


where  ||  ||  indicates  absolute  value  or  scalar  magnitude,  and 


(17) 
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The  vector  £orce  F  due  to  the  i-th  element  is  then 


Here,  compression  o£  the  elestic  element  (dL1<  0)  gives  a 
positive  force. 

From  Fj,  F  in  Equation  1  is  obtained  as 

n 

'  -  £'* 

i-i 

where  n  ■  number  of  suspension  elements. 

The  moment  about  the  center  of  gravity  of  the  platform  syst 
due  to  the  force  F^  in  the  i-th  suspension  element  is 

*1  "  *TXPi 


This  can  be  expressed  conveniently  in  matrix  notation.  Define 


and  the  net  moment  due  to  all  the  suspension  elements  is 

n 

L  "  2  £i  (2i: 
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The  spring  and  damper  forces  f ^  appearing  In  Equations  18  and  20 
can  be  arbitrary  functions  of  the  extensions  and  extenslonal  velocities 
dLt  of  the  suspension  elements.  In  the  computer-program  implementation  of 
this  analysis,  provision  is  made  to  treat  linear,  bilinear,  or  arbitrary 
(tabular  input)  spring  characteristics.  Damping  characteristics  considered 
Include  viscous,  coulomb,  and  arbitrary  (tabular  input)  dampers. 

A. 2.6  INITIAL  CONDITIONS. 

The  problem  has  been  formulated  in  terms  of  the  assumed  geometry 
and  inertia  distribution  of  the  platform,  the  assumed  locations  of  attach¬ 
ment  points  of  the  suspension  elements  on  the  platform,  and  on  the  building 
Structure,  and  the  assumed  free  lengths  of  the  spring  elements.  Initially, 
due  to  the  force  of  gravity,  the  platform  will  seek  some  equilibrium  position. 
This  equilibrium  position  must  be  determined  and  used  as  the  initial  position 
for  the  dynamic  response  calculations. 

Due  to  possible  nonlinearities  resulting  either  from  nonlinear 
spring  characteristics  and/or  from  large  platform  rotations,  the  determina¬ 
tion  of  the  initial  position  is  not  straightforward.  Several  possible 
approaches  to  determining  this  initial  position  may  be  considered. 

A  relatively  simple  iterative  procedure  is  to  assume  a  locally 
linear  relationship  between  the  displacement  and  rotation  of  the  platform  from 
an  assumed  position  and  orientation  and  the  incremental  force  and  moment 
acting  on  the  platform;  that  is 


♦  Dc]  {«} 


(22) 
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where  6  ir  the  column  matrix  of  the  incremental  displacement  which  Includes 
the  translation  and  rotation  of  the  center  of  gravity  of  the  platform  with 
respect  to  the  building-fixed  coordinate  axes ,  and 


Fj  and  Lj  are  computed  from  Equations  16  thru  21  with  all  time 
derivatives  (hence  all  damper  forces)  zero.  Initially,  F^  and  may  be 
computed  with  an  assumed  position  of  the  platform  center  of  gravity.  The 
translation  of  that  Initial  position  is  *CB1  and  the  rotations  with  respect 
to  the  inertia  axes  are  «1#  fi i  and  The  stiffness  matrix  K  in  Equation  22 

is  computed  from  the  local  tangents  to  the  spring  element  force  versus 
displacement  relationships.  The  incremental  displacement  •  is  that  required 
to  satisfy  Equation  22,  where 


BO 


and 


Solving  Equation  22  for  4  yields 


(23) 
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Adding  these  Incremental  displacements  and  rotations  to  the 
originally  assumed  displacement  and  rotation  yields  a  second  estimate  of 
the  initial  position  and  orientation.  This  second  estimate  can  now  be  used 
to  recompute  the  forces  ,  moments  L^ ,  and  stiffness  matrix  K  in  Equation 
22.  This  procedure  can  then  be  repeated  until  the  maximum  computed  incre¬ 
mental  displacement  or  rotation  in  &  is  smaller  than  an  arbitrarily  smell 
assigned  value.  The  resulting  position  of  the  center  of  gravity  of  the 
platform  is  then  taken  as  the  equilibrium  position  under  the  action  of 
gravity  only. 

Another  method  of  computing  the  initial  position  is  simply  by 
integrating  the  six  equations  of  motion  with  an  assumed  initial  displacement 
in  translation  and  rotation  of  the  platform  center  of  gravity.  The  system 
motion  is  under  no  external  excitations  except  the  gravitational  acceleration. 
By  introducing  high  damping  forces,  the  transient  motion  will  decay  and  the 
equilibrium  position  reached  in  a  short  time.  The  time  period  required  to 
reach  the  equilibrium  position  depends,  in  general,  on  the  estimated 
initial  position  of  the  platform  center  of  gravity  and  the  amount  of 
damping  provided. 

4.2.7  SMALL  ANGLE  FORMULATION. 

If  a ,  fi  ,  y  are  sufficiently  small,  the  transformation  matrix  A 
can  be  linearized  by  neglecting  the  square  and  product  terms,  thus 


Equation  11  is  rewritten  and  expanded  as  follows: 
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Equating  the  like  elements  of  the  right-hand  side  and  the  left-hand 
side  of  Equation  24,  we  have 

a  m  u  +  yu  »  u  —  Bu 

x  y  x  t 

0  ■  U  +  au  «  M  -  fW  (25) 

y  *  y  x 

r  *  «  ♦  ■  u  -  au 

z  a  z  jr 

Neglecting  the  product  terms  in  Equation  25  results  in 

a  ■  u  ,  0  »  u  ,  y  ■  «_ 

x  y  z 

or 


Neglecting  all  the  cross  products  of  angles  and  angular  velocities. 
Equation  2  reduces  to 

IR  a  -  L  (26) 


vhere 


4.2.8  NUMERICAL  INTEGRATION. 

The  differential  equations  developed  above  are  readily  adapted 
to  solution  by  digital  computer.  Simple  difference  equation  approximation 
to  the  differential  equation  can  be  written,  and  a  straight-forward  step-by- 
step  (in  time)  procedure  can  be  established  to  provide  approximate  solutions 
for  the  responses  due  to  arbitrary  acceleration  motions  of  the  building 
structure. 
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Alternatively,  standard  existing  integration  routines  (e.g.  Runge- 
Kutta)  can  be  applied.  The  use  of  the  latter  approach  may  provide  some 
advantages  in  terms  of  reduced  programming  effort  and  improved  (and  controlled) 
accuracy  resulting  from  such  sophistications  as  variable  integration  time 
Intervals,  predictor-corrector  features,  and  built-in  convergence  criteria. 

In  the  large  angle  problem  it  is  necessary  to  solve  Equations  1,  2, 
and  11  (a  total  of  15  scalar  coupled  equations)  simultaneously.  In  the 
small  angle  problem  only  Equations  1  and  26  need  to  be  solved  (a  total  of 
six  coupled  equations). 
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FORCES  AND  MOMENTS  FROM  SPECIAL  BASE-MOUNTED  SHOCK  ISOLATORS. 


A. 3 

4.3.1  INTRODUCTION. 

The  general  equations  of  motion  for  the  spring-pendulum  system  with 
overhead  support,  derived  in  Section  4.2,  are  applicable  also  to  a  rigid 
body , supported  at  its  base  by  a  shock  Isolation  system.  However,  the 
equations  for  calculating  forces  and  moments  6hown  in  Section  4.2  are 
limited  to  Isolators  whose  attachments  to  both  the  platform  and  building 
connections  are  not  constrained  in  rotation.  Obviously, if  the  rigid  body 
is  supported  from  well  below  the  center  of  gravity, the  system  will  be 
statically  unstable  unless  other  separate  isolators  are  added  to  resist 
lateral  motion  or  the  vertical  isolator  attachments  are  designed  to  resist 
moments.  Thus  for  the  short-pendulum  and  the  rolling-ball  types  of  base- 
mounted  isolators,  as  suggested  in  Section  3.2,  a  more  complicated  formulation 
of  force  and  moment  relationships  with  respect  to  the  moti 3ns  of  center  of 
gravity  is  required,  owing  to  the  different  physical  constraints  at  the 
attachments. 

In  the  coordinate  systems  developed  in  Section  4.2,  the  equations 
of  motion  (Equations  1  and  2)  were  written 

«CI  "  F  (XCB*  *CB’  Y*  °*  Y)  +  ° 

dt  {v5}  “  L  (XCB*  *CB’  0’  Y) 

In  this  section  forcing  functions  F  and  L  for  the  two  types  of 
special  isolators  are  derived. 

4.3.2  SHORT - PENDULUM  TYPE  ISOLATOR. 

In  Section  3.2,  the  operating  principle  of  the  short -pendulum 
type  of  Isolator  is  described  in  detail.  Consider  schematically  the  i-th 
short -pendulum  type  isolator  shown  in  Figure  1-13.  The  isolator  is  attached 
to  the  platform  at  point  a1  and  to  the  isolator  base  plate  at  point  b1  which 
is  connected  through  rigid  short -pendulum  length  of  X  to  the  base  support. 
Here  again  it  is  assumed  that  the  base  support  undergoes  translation  only 
with  no  rotation. 


i 


‘B 


C.O. 


B  «  *B 

Figure  1-13.  Schematic  Diagram  of  the  i-th  Short  Pendulum 
Type  Isolator 

After  application  of  ground  excitations,  the  point  a1  is  moved  to 
afc  and  the  displacement  vector  U*  connecting  these  two  points  can  be 
represented  by 

U‘  “  *CB*Xi-Xio  l27) 

where  X^Q  is  the  initial  position  vector  of  point  a*.  The  vector  X^  represents 
the  position  of  a*  with  respect  to  the  center  of  gravity  after  rotation  of  the 
platform,  or 

4  -  *4 

where  A  is  the  orthogonal  transformation  matrix  established  in  Section  4.2  and 
X^  are  the  coordinates  of  i-th  isolator  attachment  to  the  platform  in  the 


~  '.  V> 


1 


plat form -fixed  coordinate  system  (8,  x,  y,  z).  In  other  words,  from  given 
translational  motions  of  the  center  of  gravity  (Xgg)  and  rotational  motions  of 
the  platform  (o.B.y),  the  motions  of  the  Isolator  attachment  point  to  the 
platform  can  be  determined. 

Since  is  invariant  with  time,  differentiation  of  Equation  27  with 
time  gives 

01  -  *cb*4 


The  physical  constraint  of  the  isolator  is  such  that  the  elastic/ 
damping  element  is  connected  by  a  rigid  joint  to  the  base  plate.  Thus  the 
motions  of  the  pendulum  in  the  xD  directions  are  the  same  as  those  of  the 

“  i 

Isolator  attachment  to  the  platform  a  >  and  the  centerline  of  the  elastic/ 
damping  element  remains  vertical  in  the  Zg  direction. 

Figure  1*14  shows  the  detailed  motions  of  one  pendulum.  The 

pendulum  attachment  C*  to  the  base  plate  is  moved  to  a  position  where  ul 

11  x 
and  uy  are  the  components  of  U  in  the  Xg  and  yB  directions  if  the  pendulum 

is  initially  vertical.  At  this  position,  the  pendulum  prescribes  two 

angles  0*  and  0*  as  shown  in  Figure  1*14,  where 


and 


0i 


02 


.in'*  j[(<4)2  ♦(«£)’]  /■} 


«  tan 


ri 


(i) 


0  <  02  <  2 


From  these  relationships  and  constraints,  the  deflection  of  the  i-th 
elastic/damping  element  can  be  written  as, 


-  u  l 


(28) 


where  u*  is  the  component  of  U*  in  the  z_  direction,  l*  is  the  free  length  of 
2  i«  ,  sf 

the  i-th  elastic/damping  element,  and  and  x^  are  the  initial  positions 
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Figure  1-14.  Detail  Motions  of  One  Pendulum 


i  i 

of  attachment  points  a*  and  b  in  the  z^  direction.  Compression  of  the  element 
is  assumed  to  be  positive. 

The  rate  of  change  of  deflection  can  be  obtained  by  differentiating 
Equation  28 ,  or 

•  i  •  i  •  i  i 

&  «  -u,  +  sin  0i  (29) 

Depending  on  the  characteristics  of  the  elastic/damping  element, 
the  force  in  the  za  direction  at  the  attachment  point  a*  due  to  the  i-th 

D 

isolator  is  then 

F*  «=  f1  (fi1,  61) 

or  the  force  is  related  to  deflection  and  rate  of  deflection  through  linear  or 
nonlinear  elastic  constants  and  damping  coefficients. 

Again,  considering  the  physical  constraint  of  the  system,  the  force 

F1  is  reacted  through  the  pendulum  to  the  base  support  at  angles  0*  and  0*. 
z  V  c. 

This  geometrical  condition  generates  reaction  forces  at  the  attachment 
point  in  the  x„  and  y_  directions.  These  forces  can  be  obtained  by  trans- 

D  D 

formation  as  follows: 
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A. 3. 3  ROLLING-BALL  TYPE  ISOLATOR. 

The  rolling-bail  type  isolator  consists  of  en  elastic /damping 
element  supported  on  e  ball  which  is  free  to  roll  on  a  spherical  plate 
attached  to  the  base  support.  Ths  Isolator  is  fixed  to  the  platform  such 
that  only  translational  motion  in  the  direction  of  the  elastic/damping 
element  axis  is  allowed.  A  more  detailed  description  of  the  rolling-ball 
type  Isolator  is  given  in  Section  3.2.8. 

Figure  1-15  shows  schematically  die  1-th  rolling-ball  type  Isolator. 
The  Isolator  1s  attached  to  the  platform  at  point  a1  and  the  ball  touches 
the  curved  plate  initially  at  point  b*.  The  center  of  the  ball  is  dealgnated 
as  p1  and  the  center  of  curvature  of  the  spherical  plate  Is  0*. 
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Figure  1-15.  Schematic  Diagram  of  the  i-th  Rolling-Bail  Type  Isolator 


After  base  excitation,  the  isolator  attachment  points  are  moved 
to  new  positions  and  the  displacement  vector  of  the  attachment  point  a* 

i  c 

from  the  center  of  curvature  O  is  given  by 


D 


1 


4>xcb 


(3 


where  X*,  the  position  vector  of  0*,  is  constant  in  Bxyz  frame  and  vector 
is  defined 


Differentiation  of  Equation  32  with  respect  to  time  gives 


The  physical  constraint  of  the  isolator  as  shown  in  Figure  1-15 

requires 

D1  ♦  S1  -  R4  (3*») 

where  R4  Is  the  radius  vector  which  has  a  constant  magnitude  of  R  and  84  is 

i  1  ® 

the  elaatlc/daffplng  element  rector  between  the  points  a  and  p  . 

From  given  motions  of  center  of  gravity  and  point  a4  and  the  physical 
constraint  represented  by  Equation  34,  the  vector  Sl  can  be  determined.  First, 
since  the  elastic/damping  element  is  rigidly  connected  to  the  platform,  the 
direction  cosines  of  84  are 

{cl}  ■  w  {4} 

where  [A]  is  the  orthogonal  transformation  matrix  defined  in  Section  2  and 
|c4o|  are  the  direction  cosines  of  the  initial  elastic/damping  element  vector 
84.  Equation  34  can  be  expanded  to  indicate  the  magnitude  of  vectors.  Thus 

Is1!2  ♦  21s1!  |d41  cose1  ♦  ID1!2  -  |r4|2  -  Constant  (35) 

where  64  is  the  angle  between  the  vectors  S4  and  D4. 

Usually,  the  magnitude  of  D1  is  lass  than  R4*  The  solution  of 
Equation  35  gives  two  real  roots  of  S4  with  opposite  signs  where  the 
positive  root  is  the  magnitude  of  vector  S1. 

Having  obtained  S4,  the  deflection  and  the  rate  of  deflection  of 
the  elastlc/damplng  element  can  easily  be  found  as 


and  (36) 

$4  -  -  84 

where  compression  is  defined  as  positive. 
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Furthermore,  the  position  of  the  ball  can  also  be  obtained  by  the 
following  equation 


(37) 


From  this  equation,  the  direction  of  the  radius  vector  R  can  be 
determined  as 

R1  -  X*  -  X* 

P  ° 


(38) 


Note  that  there  is  another  physical  constraint  which  is  implied 
in  the  above  formulation.  The  ball  la  always  in  contact  with  the  curved 
plate  or  the  ball  is  constrained  to  move  in  a  plane  perpendicular  to  the 
radius  vector  R1.  Mathematically,  it  means  fc*  x  R  >0. 

In  formulating  forces  and  momenta  developed  by  the  Isolator,  the 
following  assumptions  are  made.  First,  the  radius  of  the  ball  is 
sufficiently  small  so  that  forces  may  be  assumed  to  act  at  the  center  of 
the  ball.  Second,  the  mass  of  the  ball  may  be  neglected;  thus, the  force 
balance  at  the  ball  is  essentially  a  static  problem. 

For  example,  consider  the  ball  as  a  free  body  as  shown  in  Figure 
1-16.  The  forces  acting  at  the  center  of  ths  ball  are 


p*  +  p*  +  p*  m  o  (39) 

R  D  f 


where 

F*  is  the  reaction  force  at  the  plate  in  a  direction  opposite  to  the 

B  i 

radius  vector  R  . 

F1  is  the  isolator  force  which  is  not  necessarily  in  the  same 
n  i 

direction  as  the  elastic/daaplng  element  or  S  . 

F*  is  the  friction  force  between  the  ball  and  the  curved  plate. 
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Figure  1*16.  Forces  Acting  on  the  i-th  Bell 


Taking  the  components  of  the  forces  in  the  direction  of  the  elastic/ 
damping  element.  Equation  35  becomes 

|fJ|  -  |fJ|  cos  0i  +  |F*|  cos  02-0  (^0) 

where  F*  is  the  component  of  F*  in  the  8*  direction  end  is  a  function  of  8* 
sad  8^  or 

f*  -  f1  (s1,  S1) 

0 

01  is  the  eagle  between  S*  and  R*,  and 
02  is  the  angle  between  S1  and  F* . 

•  J 

If  X  is  a  non>zero  vector  and  the  friction  coefficient  is  a  constant 
P  i 

a.  the  friction  force  F^  is  in  the  direction  opposite  to  the  velocity  vector 
which  1 8  perpendicular  to  R1  with  a  magnitude  equal  ton  |F*|  .  If  X*  is  a 
zero  vector,  i.e. .there  is  no  relative  motion  between  the  ball  and  the 
plate,  a  more  complicated  situation  results  where  further  assumptions  are 
required  to  simplify  the  mathematical  formulation. 
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Du*  to  a  possible  unsymmetrlcal  weight  distribution  on  the  platform, 
the  initial  loading  on  the  various  ball  elements  say  be  different.  Thus, 
under  ground  excitations,  some  balls  may  be  in  motion  while  others  remain 
stationary  with  respect  to  the  spherical  plate.  The  condition  for  the 
initial  motion  of  the  ball  is  governed  by  the  friction  force  at  the  ball  and 
the  inertia  force  caused  by  the  ground  acceleration.  The  assumption  is  made 
that  the  distribution  cf  the  inertia  force  to  the  i-th  isolator  is  governed  by 


17  -  -  x1 

in  a  gn 


vbere 


m 

D 


go 


is  the  mass  of  the  system 
is  the  number  of  isolators 

Is  the  component  of  the  ground  acceleration  in  the  plane  normal 

to  R1 


Then,  there  are  two  poasible  waya  to  evaluate  the  friction  force. 


e  Case  A 


'i  <  r1 


f».n\ 


In  this  case,  TZ.  • 


a  Caae  B 


1 _i |  X1 
_gn 


|  X  | 
1  gn' 


rt  : 


(J»3) 


Zn  this  case,  F*  ■  F 


ia 


Finally,  considering  the  complete  platform  and  isolators,  the 
total  of  the  external  forces  on  the  system  i6 


F 


i-1 


(*»*•) 
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where  Fj  it  related  to  F*  and  by  Equations  1*2  and  1*3  for  static  cast  and 

i  i  Ai  1 

rt  "  tilrpl  p  once  the  ball  is  in  notion.  The  magnitude  of  vector  F*  is 

i$ 

obtained  from  Equation  1*0  and  its  direction  frca  Equation  38. 


The  total  aoaent  on  the  syBtea  is  given  by 


0*5) 


Note  that  the  vector  X 


i 


P 


includes  the  contribution  of  the  aoaent 


ana  due  to  the  length  of  the  isolators. 
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DYNAMIC  ANALYSIS  OF  LINEAR  SHOCK  ISOLATION  SYSTEMS. 


4.4 

4.4.1  INTRODUCTION. 

In  the  previous  sections,  equations  of  motions  and  isolatoi  Lorres 
and  moments  were  described  for  a  six  degree-of-freedom  shock  isolation 
system  where  the  requirement  of  linearity  was  not  imposed  on  either  the 
suspension  configuration  or  the  system  components.  While  the  mathematical 
model  of  a  six  degree-of-freedom  system  is  adequate  in  calculating  the 
response  motions  of  most  shock  isolation  systems,  there  are  designs  in  which 
large  platforms  are  employed  whose  natural  frequencies  lie  close  to  the 
isolation  system  frequencies.  Under  this  condition  the  assumption  of  a 
rigid  body  is  invalid  and  the  flexibility  of  the  platform  must  be  considered. 

The  platform  and  supported  equipment  are  represented  by  discrete 
mass  points  connected  by  elastic  bars  and  combined  with  the  shock  isolator 
elements.  Thus  a  greater  than  six-degree-of-freedom  system  is  formed,  'lhe 
solutions  of  the  response  motions  of  a  general  multi-degree-of -freedom 
shock  isolation  system  with  nonlinear  elements  are  rather  complicated  and 
the  development  of  such  a  method  is  beyond  the  scope  of  work.  However,  if 
the  expected  responses  are  relatively  small,  the  system  and  the  system 
elements  may  be  linearized  for  analysis.  This  section  describes  the  use 
of  the  normal  mode  method  for  determining  the  dynamic  responses  of  linear 
shock  isolation  systems.  The  use  of  response  spectra  directly  as  inputs 
to  establish  maximum  dynamic  response  envelopes  is  also  discussed. 

4.4.2  NORMAL  MODE  METHOD . 

The  normal  mode  method  of  analysis,  described  in  many  standard 
text  books  on  structural  dynamics,  enables  the  determination  of  the  natural 
frequencies  and  modal  configurations  of  a  structural  system  subjected  to 
free  vibrations. 
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Considering  a  structural  systaa  which  contains  n  degrees-of -freedom, 
the  set  of  differential  equations  representing  the  equations  of  motion  is 
shown  in  matrix  form  as 

Cm]  <u)  ♦  [k]  {u>  -  (p)  (46) 

where  [M]  la  the  inertia  matrix ,  [K]  la  the  atlffneaa  matrix,  (P)  la  the 
colusn  vector  of  applied  forces  corresponding  to  the  displacement  {u}  ,  and 
{u}  is  the  column  matrix  of  the  displacement  coordinates. 

In  the  normal  mode  analysis  only  the  homogenous  part  of  the  equations 
is  considered;  that  is,  the  external  load  (P)  is  set  to  zero.  Equation  46 
then  is  reduced  to, 

[M]  (U)  ♦  [K]  {u}  -  (0)  (1*7) 

Assume  the  solutions  to  be  harmonic  functions  of  time  and  in  the 

form  of 

Uj (t)  -  eiut  0j(u)  J  »  1,2,3  .  .  .  n  (48) 

where  Uj(t)  is  the  displacement  vector  describing  the  vibration  of  the  system 
in  the  5-th  mode,  u  is  the  frequency,  0^(u)  is  the  amplitude  of  the  required 
solution  and  is  Independent  of  time  t 

Substituting  Equation  48  into  Equation  47,  the  following  result 
is  obtained: 

[M]  {0}  -  [K]  {0}  -  0 

or  (49) 

([K]-w2[M])  (0)  -  0 

It  is  seen  that  for  a  non-trivial  solution,  the  determinant  of  the 
coefficient  |  [  k]  -  w  [m]  |  Bust  vanish  and  expansion  of  the  deter¬ 
minant  will  yield  the  characteristic  equation.  The  roots  of  characteristic 

2  2 
equation  w  are  the  frequencies  of  the  system,  u  is  real,  positive  but 

not  necessarily  distinct. 
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As  a  consequence.  Equation  49  poa 


a  npn- trivial  vector 


solution  in  terais  of  0.  The  modal  vector  0^  la  a  column  vector  whose  n 
components  describe  the  relative  amplitudes  of  the  various  points  of  the 
system  when  It  vibrates  in  its  J-th  mods  at  frequency 

When  the  modal  vectors  are  collected  into  a  single  square  matrix 
of  order  n,  the  resulting  matrix  is  called  the  'feodal"  matrix. 


*11  *12 

[0]  ■  0  0 

J  *21  *22 


When  calculating  the  normal  mode  0^  the  amplitude  of  some  chosen 
point  Is  assumed  as  unity.  Thus,  since  the  characteristic  vectors  0^  and  9* 
are  determined  only  within  the  ratio  of  an  arbitrary  constant.  It  becomes 
convenient  to  normalize  these  eigenvectors  with  respect  to  either  [m]  or  [k]  . 

The  normalized  aodal  matrix  [f]  consisting  of  the  normalized 
characteristic  vectors  [fj  has  the  property  that 

CM*  MCI)  -  [ij  (n) 

Ilf  U]  [I]  -  [.*] 

and  Is  determined  by 

{*1>  "  c<*j>  (52) 

where  C  is  an  arbitrary  constant  to  be  determined. 

Using  a  system  of  normal  coordinates  q  which  are  a  special  type  of 
generalized  coordinates.  Equation  46  is  transformed  into  a  set  of  decoupled 
equations  of  motion  as  follows: 


C»]  (5>  ♦  [*]  (q> 
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where 


[R]  ■  Llf  CM]  [0  ]  ■  generalized  mass  matrix 

[R]  ■  [0]T[lC][0]  ■  generalized  stiffness  matrix 

{P}  •  [0]T  (P)  *  generalized  force 

{u}  »  [0]  (q) 

For  the  shock  Isolation  system,  the  generalized  forces  consist  of  the 
transformations  of  ground  shock  accelerations  at  the  shock  isolator  attachment 
points  and  Equation  53  may  be  changed  into  a  different  form  from  the  energy 
considerations. 

The  total  kinetic  energy  of  the  system  is 


T  ■  5  £  ",  *  hY 

where  la  the  1-th  ground  Telocity,  and  the  total  potential  energy  is 

V  -  I  tt  XyVj 

i-1  J-l  J  1  J 

Transforming  to  normal  coordinates  q  by  the  equations 


u. 


£  0ikqk 

k-i  * 


“i  •  £ 


k°l 


the  kinetic  energy  equation  becomes 


*  £  M‘  £ ,2ik%  *  £  Vi  £ 0ik,k  *  *  £ 


•ad  the  potential  energy  equation  la 


v  ■  *  k Hi  £ *  * 

where  la  the  frequency  of  the  k-th  node. 
From  Lagrange's  equation 


d_ 

dt 


-  2L 


o, 


the  following  equation  la  obtained 


*k  + 


“k«k 


■  £(-  r‘A)/S 


‘h 


k  -  1,2,3 


<  5** ) 


where  a  la  the  number  of  aode  calculated. 

xi  la  the  l-th  Input  acceleration  and  «rtiere  rik  la  the  participation 
factor  which  la  defined  as 


r*  -  < 

Thus,  from  given  ground  excitations,  Equation  54  can  be  solved  for 
and  the  response  motion  can  be  obtained  by  the  transforaatlon 

{u}  ■  [0  ]  {q} 


To  reduce  relative  motions  In  a  shock  isolation  system  dampers  can 
usually  be  added  to  the  shock  isolators.  In  this  case,  Equation  54  is  changed 
to  include  the  damping  term  as  follows: 

%  *  -  £(-  rlk5i  )/j£  Mi 

k  -  1,2, 


(56) 
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where  *k  •  fraction  of  critical  dating 
C. 

and  Ck  la  the  daaping  coefficient  in  the  generalised  coordinate  syetea.  The 
incluaion  of  the  daaping  tern  in  Equation  56  iapliee  that  the  aodea  are  not 
coupled  by  the  deaping  ter*  or  that  the  daaping  matrix  containe  only  diagonal 
elements.  This  restriction  is  necessary  in  order  to  decouple  the 
equations  and  is  permissible  provided  the  daaping  values  are  small. 

4.4.3  USE  OF  RESPONSE  SPECTRA  AS  INPUTS. 

For  a  linear  shock  Isolation  system,  response  spectra  can  be 
used  directly  as  definitions  of  the  input  excitation  function  to  establish 
a  maximum  response  motion  envelope,  gquation  54  is  recognized  as  a  set 
of  m  single  degree-of- freedom  equations  at  frequencies  a  k  where  k  -  1,  2, 
......  The  input  excitations  consist  of  ground  accelerations  modified  by 

participation  factors.  From  the  definition  of  a  response  spectrum,  the 
maximum  displacements  in  normal  coordinates  q  can,  therefore,  be  obtained  as 

(^k)  max  "  rik  °ik//^  Mi  *ik 

k  -  1,2 . . 

where  D^k  is  the  displacement  indicated  on  the  response  spectrum  at  frequency 
0^  due  to  a  ground  shock  in  the  i-th  direction.  It  follows  then  that  the 
maximum  displacements  in  generalised  coordinates  are 


i  “  1.2 . . 


(58) 
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Maximum  acceleration  and  velocity  responses  of  the  i-th  point  can 
be  calculated  by  differentiation  of  Equation  58.  To  include  the  effects 
of  damping,  the  values  of  D  ^  may  be  obtained  from  a  damped  spectrum. 

A. 4. 4  LINEAR  SIX  DEGREE-OF-FREEDOM  SHOCK  ISOLATION  SYSTEM. 

If  the  platform  of  a  linear  shock  isolation  system  can  be  designed 
such  that  its  lowest  fundamental  frequency  is  at 1  least  five  times  higher 
than  the  highest  mode  frequency  of  the  system,  the  elastic  responses  of 
the  platform  will  be  small  compared  to  the  total  response  motions  and  only 
the  rigid  body  motions  of  the  platform  need  to  be  considered. 

The  shock  isolation  system  is  reduced  to  an  analytical  model  with 
six  degrees  of  freedom.  In  this  case,  both  the  [m]  and  [k]  matrices 
as  in  Equation  46  are  sixth-order  symmetric  square  matrices  and  can  be 
easily  established. 

Figure  1-17  shows  a  completely  general  rigid  body,  elastically 

supported  at  n  points  by  springs  with  stiffnesses  K^.  The  springs  are 

attached  to  the  body  and  to  the  ground  at  points  A^  (*Ai>  YAi»  zAi^  and 

Bi(xBi’  yBi*  zBi ^ '  T*le  positions  are  referred  to  a  set  of  coordinate  axes 

x,  y,  z  fixed  in  space.  The  body  contains  m  number  of  masses  located  by 

the  coordinates  x^ ,  y^ ,  z^.  Each  mass  has  three  principle  moments  of 

inertia  1^, ,  1^, ,  1^,  with  respect  to  three  axes  x’,  y’ ,  z'  which  are 

fixed  through  the  center  of  gravity  of  the  masses  and  parallel  to  the 

n 

coordinate  axes  x,  y,  z.  The  total  mass  of  the  body  is  £ 

and  the  center  of  gravity  of  the  body  0  is  given  by  the  coordinates 

x,  y,  z.  Using  the  following  sixth-order  displacement  vector: 


s 


Figure  1-17.  General  Rigid  Body  Showing  Typical 
Elastic  Suspension  at  Point  A^ 


where  the  first  three  elements  describe  the  translations  of  0  and  the  second 
three  elements  describe  the  rotations  of  the  body  with  respect  to  the  axes 
passing  through  its  center  of  gravity,  the  moss  and  stiffness  matrices  may  be 
developed  as  shown  in  Figures  1-18  and  1-19.  The  derivation  of  these  Mtrices 
are  described  partly  in  Sections  3  and  SB  of  Reference  20. 

Assuming  the  center  of  gravity  of  the  bedy  has  maximum  translational 
responses  of  xq,  yQ»  zq  and  rotational  responses  ef  then  the 

maximum  translational  motions  of  a  point  in  the  body  which  is  at  x^,  and 
distances  away  from  the  center  of  gravity  can  be  obtained  by  the  following 
transformation : 
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Figure  1-18.  Mass  Matrix  for  the  General  Rigid  Bod} 
With  Six  Degrees-of -Freedom 
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If  the  rotational  angles  $  ,  $  ,  and  are  small,  cos  $  %cos  e  % 

x  y  r.  x  y 

cos  as  0^  1  and  sin  0^  »  0^,  sin  0^  as  $  and  sin  6 ^  as  0^  where  the  angles 

are  in  radians.  Using  this  substitution.  Equation  59  is  reduced  to  the  following 

form: 
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Although  the  normal  mode  method  is  a  very  useful  tool  in  dynamic 
analyses,  caution  should  be  exercised  in  its  application  to  shock  isolation 
problems.  As  described  in  this  section  the  method  is  applicable  only  where 
the  motions  are  small.  For  large  motions  most  shock  isolation  systems 
become  highly  non-linear.  Furthermore,  the  isolator  elements  themselves 
must  fulfill  the  strict  linearity  requirements. 
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SECTION  5: 


THEORY:  SHOCK  ISOLATION  SYSTEM  OF  A  NON-RIGID  PLATFORM 


5.1  INTRODUCTION 

The  structural  dynamic  response  analysis,  using  the  normal  mode 
technique  discussed  in  Section  4.4.2,  is  not  limited  to  the  rigid-body  six- 
degree-of-freedom  structure.  In  particular,  the  stiffness  matrix  [k],  in 
Equation  46,  could  represent  the  stiffness  matrix  of  a  multi-degree-of-freedom 
system,  in  which  a  six-degree-of  freedom  rigid-body  matrix  is  a  special  case. 

The  analysis  of  a  non-rigid  platform  can  be  treated  mathematically  as  a  multi- 
degree-of-freedom  problem.  The  dynamic  response  can  be  computed  either 
directly  or  by  the  normal  mode  technique. 

The  stiffness  of  a  non-rigid  platform,  controlled  by  the  bending  and 
shear  stiffness  of  the  basic  components  that  comprise  the  platform,  could  be 
estimated  on  the  basis  of  elementary  beam  bending  theory  with  limited  accuracy. 

A  preferred  approach  is  to  divide  the  platform  structure  into  several  elements 
(or  components),  to  compute  the  stiffness  of  each  element,  and  then  to  compute 
the  overall  stiffness  by  recombining  the  elements  using  equilibrium  and  com¬ 
patibility  at  each  joint  where  the  elements  are  connected. 

Digital  computers  are  ideally  suited  to  the  latter  type  of  analysis. 

25  19 

There  are  many  existing  conqauter  programs  available,  such  as  NASTRAN  ,  STARDYN 
18 

and  DASAS-I  ,  that  could  be  utilized  for  determining  the  dynamic  response  of 
a  non-rigid  platform.  The  purpose  of  this  section  is  to  describe  the  key 
operations  and  theory  of  a  computer  program,  ISIP2,  especially  developed  for 
this  shock  isolation  design  manual.  ISIP2,  which  takes  advantage  of  many 
special  features  of  a  flat,  horizontal  platform,  should  not  be  used  as  a 
general  structural  utility  program.  ISIP2  is  designed  to  analyze  a  three-dimen¬ 
sional  platform  using  three  dimensional  beam  elements.  The  beam  element  stiff¬ 
ness  is  modified  to  include  the  effects  of  the  platform  surface  panel.  This 
feature  and  lSIP2's  limitations  are  discussed  in  Sections  12,  13  and  14,  Part 
II  of  this  manual.. 
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5.2  PLATFORM  STIFFNESS  MATRIX  BY  FINITE-ELEMENT  TECHNIQUE. 

The  following  discussion  illustrates  the  calculation  of  the  finite 
element  stiffness  matrix.  A  two  dimensional  beam  was  used  for  simplicity. 

Consider  a  straight  beam  of  length  L  shown  in  Figure  1-20.  This 
beam  is  connected  between  joints  ra  and  n  and  has  a  local,  right-hand  (y^,  y^» 
y^)  coordinate  system  witli  the  y^-axis  directed  towards  joint  n,  and  the  y^-axis 
directed  normal  to  the  platform  surface.  Loads  and  deflections  at  the  two 
ends  of  the  beam  are  oriented  along  the  y^-axis  system  and  are  defined  as 
follows : 

F  ^  =  force  at  joint  n  along  the  i-axis. 

M  =  moment  at  joint  n  about  the  i-axis  (right-rand  rule). 

Uni  =  deflection  at  joint  n  along  the  i-axis. 

0 

ni  =  rotation  at  joint  n  about  the  i-axis  (right-hand  rule). 

It  is  assumed  that  the  beam  can  develop  axial  elongation  and  com¬ 
pression  along  the  y^-axis  and  bending  in  the  y^  and  y^  plane,  and  that  these 
two  types  of  deformation  are  uncoupled.  The  relationships  between  the  end 
loads  and  end  deflections  are  expressed  by  the  following  6x6  stiffness 
matrix  equation: 


Figure  1-20.  Coordinate  System,  Deflection  and  Load 
Components  of  Straight  Beam  Segment 
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*i  n 

-u-ji  *-ji 
L  L * 


“n2 


E  - 

Young's  modulus  of  elasticity 

L  - 

beam  length 

A  - 

cross-section  area 

13" 

cross-section  area  moment  of 

inertia 

about  y^-axis  . 

Equation 

61  can  be  rewritten  in  the  condensed 

a 

u 

O 

44 

(f  | 

-  [k]  .  {U  } 

l  on  i 

l  aim 

-  6x1  force  matrix 

l  tun  1 

( 

J 

W 

•  6x6  stiffness  matrix  j 

*  as 

i 

defined  by  Equation  61 

(u  1 

-  6x1  deflection  matrix 

L2 


A  platform  structure  is  generally  composed  of  many  interconnected  beam-like 
elements.  For  the  purpose  of  identifying  the  various  elements,  it  is  con¬ 
venient  to  number  these  elements  with  an  integer  numbering  index  e  =  1,  2,  3  ... 
Thus,  if  the  above  beam  represents  element  e  of  such  a  frame,  Equation  62 
can  be  written  in  the  form 


h  ! 

=  [K  ]  . 

j» 

e 

1  me 

(63) 


The  elements  of  a  platform  may  be  arbitrarily  oriented  so  that  the 
local  and  coordinates  of  the  various  elements  are  not  parallel.  This 
implies  that  the  component  end  loads  and  deflections  of  two  beams  attached  to 
a  common  joint  may  not  be  parallel.  In  order  to  eliminate  this  difficulty  it  is 
desirable  to  establish  a  common  (x^,  x^)  -  coordinate  system  for  all  joints 

of  the  platform,  and  to  transform  the  load  and  deflection  components  from  the 
local  y.-axes  to  the  x.-axes  for  all  elements  of  the  platform  structure. 

li  r 

Let  [T  ]  denote  the  0x6  transformation  matrix  for  the  load  and  deflection 
e 

components  of  element  e,  and  define  the  transformed  loads  and  deflections  as 
fellows : 


6x1  matrix  of  loads  for  element  e  \ 

defined  with  respect  to  the  -axes.  I 

1  (66' 

6x1  matrix  of  deflections  for  element  I 
e  defined  with  respect  to  the  x^  -axes  / 


Substitution  of  Equation  64  into  Equation  63  leads  to  the  transformed  stiffness 
matrix  equation: 


^mne 


r  - 1 

[T  ]  (K.  ]  [T  I  -  6x6  transformed  stiffness  matrix 

e  6  L  eJ 


If  V' 


For  rigid  frame  joints,  all  elements  attached  to  a  given  joint  have  equal 
deflection  components  (at  that  joint)  with  respect  to  the  -axes,  and  since 
this  compatibility  condition  is  valid  at  all  joints,  the  subscript  e  in  the 
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r 


deflection  matrix  |  can  be  deleted,  giving  simply  |  .  Thus ,  Equation 


65  can  be  written  in  the  form: 


Each  joint  must  be  in  equilibrium  under  the  action  of  all  loads  applied  to  the 
joint.  Thus,  for  each  axis  at  each  joint  of  the  frame,  the  summation  of 
component  loads  for  all  elements  attached  to  the  joint  must  be  equal  to  the 
corresponding  externally  applied  load.  To  express  this  condition  mathematically 
requires  the  following  quantities  to  be  defined: 


mie 


nj 


force  along  the  x^-axis  at  joint  m  due  to  element  e. 
deflection  along  the  x^-axis  at  node  n. 


(Knj 

mi 


F  . 
nu 


stiffness  of  element  e  (which  attached  between  joints  m  and  n) 

which  leads  to  a  force  F  .  due  to  a  deflection  U  . . 

mie  nj 

external  force  along  the  x^  -axis  at  joint  m. 


Then  the  external 


force  is  defined  by  the  equation 


F«  -£  Fi  =  £  £  £  (KnJ)  U  • 

mi  mie  •-*  mi  e  nj 

e  e  n  j 


=  £ 

£ 

£ 

e 

n 

j 

=£ 

£ 

Knj 

u 

a 

j 

mi 

nj 

where 


mi 


element  of  overall  stiffness  matrix  of  platform  (68) 
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The  set  of  Equations  (>7  for  ail  (mi)  can  be  written  in  matrix  notation  which 

leads  to  the  stiffness  matrix  for  the  entire  platform  structure.  The  common 

x.  -coordinate  system  used  in  this  section  is  replaced  by  (X,  Y,  Z,  o  ,  u  ,0  ) 
i  '  x  y  z 

in  ISIP2  output  for  convenience. 

5.3  EIEEN'VALPE  ANU  EIGENVECTOR  SOLUTION. 

The  normal  mode  solution  of  the  equations  of  motion  (Equation  46) 
has  been  discussed  in  Section  3.4.  The  equation  to  be  solved  was  reduced  to 
the  form  presented  in  Equation  49. 

([K]  -  [M])  {  f )  =  0  (49) 

This  expression  represents  a  set  of  n  homogeneous  equations  for  the 
vibrations  of  a  n-degree-of-f reedom  system  in  their  normal  modes.  The  non¬ 
trivial  solution  to  this  set  of  equations  (one  for  which  {  6  ]  4  0)  is  obtained 
by  setting  the  determinant  of  the  first  matrix  equal  to  zero  or 

|([K]  -  w'-  (?!])  j  =  0  (69) 

This  is  the  characteristic  equation  for  the  system,  and  its  roots 

are  the  eigenvalues,  u>  ,  which  cause  the  determinant  to  go  to  zero.  These 

are  the  natural  frequencies  of  the  normal  modes.  For  n-degree-of-f reedoms , 

there  will  be  n  real  eigenvalues,  or  natural  frequencies,  which  satisfy  the 

equation.  The  normal  mode  shapes  j 6^ J  ,  or  eigenvectors,  are  determined 

separately  by  substituting  the  natural  frequencies  back  to  Equation  49.  The 

deflection  amplitude \^/n j  are  determined  by  solving  n-1  of  the  resulting 

simultaneous  equations  with  any  one  of  the  amplitudes  arbitrarily  set  to 

unity.  The  resulting  values  of  j^^^one  for  each  degree-of -freedom  and 

modal  freque.ncv(u  )  are  then  normalized  to  a  unit  value  for  the  maximum 
n 

deflection  in  each  mode  shapes  J  J  . 

Several  methods2^  may  be  used  to  find  the  eigenvalues  and  eigenvectors 
from  Equation  69.  Each  of  Chose  methods  may  have  its  inherent  advantages 
and  disadvantages  depending  on  the  nature  of  the  problem.  Some  methods  will 
compute  all  the  natural  frequencies  of  the  system,  while  others  may  give  the 
highest  of  lowest  frequencies  of  one's  choice.  Some  methods  are  much  more 
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complicated  in  theory  and  programming ,  but  very  efficient  in  eigenvalue  and 
eigenvector  evaluation  for  structures  up  to  certain  size,  while  other  methods 
are  simple  and  straight  foreward,  but  not  necessarily  efficient.  However,  the 
efficiency  of  any  method  is  drastically  affected  when  the  size  of  the 
characteristic  equation  matrix  of  Equation  69  exceeds  the  computer  core  space 
limitation. 

The  following  method,  used  in  ISIP2  computer  program,  is  an  alternate 
form  of  the  Stodola  method.  This  method  has  the  advantage  of  providing  the 
simultaneous  solution  for  both  the  natural  frequency  and  the  normal  mode 
shapes  [ in  one  basic  iteration  process.  Basically  it  is  a  matrix 
iteration  operation  using  the  inverse  stiffness  matrix,  and  is  most  useful 
when  only  the  lowest  few  modes  are  to  be  determined. 

Equation  49  is  premultiplied  by  the  inverse  stiffness  matrix  [K]  ^ 
and  rearranged  to  give 

{$}  -  w2  [K]"1  [M]  {<?} 

■  w2  [B]  {<},] 

where  [B]  =  [K]  ^  [M] 

The  iteration  process,  carried  out  with  this  expression  converges  on  the 
lowest  or  first  natural  frequency  of  the  system  in  the  following  steps: 

•  A  trial  value  of  the  column  matrix  of  amplitudes  j  <j>  j  is  assumed. 

If  this  trival  value  is  arbitrarily  chosen  so  that  its  largest 
element  is  unity,  it  may  be  considered  to  be  a  first  order 
approximation  for  the  mode  shape  { (j>^  j  for  the  first  normal 

mode.  r  =  1 

•  The  assumed  value  (  cj>^  j  is  inserted  in  the  right  side  of 

Equation  70  and  the  product  [B]  { <|>  }  is  evaluated.  The 

largest  absolute  value  in  this  product  is  identified  as  the 

quantity  If  this  quantity  is  now  divided  out  of  the 

product  [B]  | |  ,  then  the  first  iteration  step  provides 

r 
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•  If  the  desired  accuracy  is  not  achieved  in  the  first  iteration 

the  new  estimated  mode  shape  column  matrix  |ij>  \  is  inserted 

1  r+1 

back  to  the  right  side  of  Equation  70  and  the  iteration  process 
continued  (i.e.,  r  =  1,  2... etc.)  until  Equation  71  is  satisfied 
to  the  desired  accuracy. 

•  An  alternative  way  to  check  the  accuracy  is  to  compare  the 
normalization  factor  a^^  with  the  previous  iteration.  If  the 
two  values  are  equal,  within  the  desired  accuracy,  the  iteration 
process  is  accomplished. 

•  For  most  problems,  only  a  few  iterations  are  required  to  achieve 
good  accuracy  unless  the  natural  frequencies  are  very  closely 
spaced. 

For  the  next  higher  natural  frequency  u>2>  additional  steps  arc  required. 

The  next  higher  mode  is  modified,  based  on  the  concept  of  orthogonality  of  the. 

normal  modes,  to  remove  all  influence  of  the  previously  computed  modes.  This 

27 

is  carried  out  using  a  "sweeping  matrix"  technique  . 
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A  "sweep  eng  matrix",  for  the  first  mode  is  de/und. 


1  0  0 

0  i  0 

0  0  1 


0 

0 

0 


= 


0 

c. 


n-1 


where : 


M1  V 

C  =  -  — 
i  M  li 

n  In 


(72) 


This  matrix  has  the  form  of  an  identity  matrix  with  the  n*1*'  row  replaced 

by  the  coefficients  for  the  n^  displacement  amplitude  in  terms  of  the  remain- 

fch 

ing  variables  and  the  n  column  has  only  zeros.  This  sweeping  matrix  is  then 
used  to  define  a  new  frequency  equation  for  the  second  lowest  mode. 


i*2)  ■  “2  IBS  tSj]  j*2) 

The  same  iteration  process  carried  out  for  the  first  mode  is  not 
repeated  except  that  the  iteration  Equation  71  is  modified  by  the  sweeping 
matrix  to  become 


1*2 1  „  ■  “2  Vl  lB1  (S1]  1*2)  <“> 

r+1  r 

In  this  case,  the  normaling  factor  a^^  is  the  quantity  necessary 
to  normalize  to  unity  the  largest  element  in  the  product  [B]  [S^] 

Again,  the  bar  designates  a  normalized  value  for  this  product. 

For  the  next  higher  mode  (ui^),  a  sweeping  matrix  f J  contains  two 
rows  of  coefficients  and  two  columns  of  zeros  thus  eliminating  the  influences 
of  the  first  and  second  modes  previously  computed.  The  same  iteration  process 
defined  by  Equation  73  is  then  repeated  using  [S2]  in  place  of  [S^]  to  find  the 
value  of  u,  and  {4^  j  . 
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This  iteration  process,  which  is  based  on  systems  defined  by  the 
inverse  stiffness  matrix  coefficients,  has  the  advantage  of  relative  simplicity 
for  determination  of  the  lowest  modes  of  a  system.  The  characteristic 
matrix  [B]  of  Equation  70  reduces  in  size,  by  one  row  and  one  column,  every 
time  a  sweep  matrix  [S^]  is  applied. 

The  dynamic  response  of  a  linear  system  by  the  normal  mode  method 
has  been  discussed  in  Section  A.  A.  The  use  of  shock  spectra  as  input  forcing 
function  was  also  presented  there.  The  dyanmic  response  of  a  non-rigid 
platform  using  the  normal  mode  method  is,  therefore,  not  repeated  here. 


SECTION  6:  THEORY:  WAVEFORM  SYNTHESIS 


6 .  1  SYNTHESIS  OF  A  WAVEFORM  TO  MATCH  A  GIVEN  SHOCK  RESPONS  K  SPECTRUM . 

6.1.1  INTRODUCTION. 

In  many  practical  cases,  the  shock  motion  to  which  the  isolation  system 
may  be  exposed  and  for  which  it  is  to  be  designed  is  specified  by  criteria  as  a 
shock  response  spectrum  rather  than  as  a  waveform.  If  the  system  can  be  assumed 
to  be  linear,  the  spectrum  can  be  employed  to  bound  the  peak  responses  of  the 
system  as  shown  in  the  previous  section.  However,  if  the  response  of  the  isola¬ 
tion  system  must  be  defined  in  time  or  by  a  response  spectrum, or  if  the  suspension 
configuration  or  its  elements  cannot  be  assumed  to  be  linear,  the  input  motion 
must  also  be  defined  in  time. 

There  are  an  infinite  number  of  waveforms  which  can  be  generated  whose 
response  spectra  will  match  any  given  spectrum.  This  is  due  to  the  fact  that  the 
spectrum  itself  does  not  define  uniquely  component  amplification  ratios,  fre¬ 
quencies,  or  their  phase  relationships.  Indeed,  the  design  shock  is  rarely  unique 
and  in  many  cases  it  is  for  this  reason  that  the  input  is  defined  by  the  more 
general  response  spectrum. 

In  examining  the  types  of  motions  to  which  shock  isolation  systems  installed 
in  protective  structures  might  be  exposed,  however,  there  are  some  qualitative 
statements  which  can  be  made  regarding  broad  aspects  of  their  time-histories.  For 
example,  at  frequencies  well  below  the  fundamental  of  the  structure  embedded  in 
the  soil,  response  motions  of  the  structure  will  be  almost  identical  to  those 
of  the  nuclear  weapon  generated  disturbance.  At  higher  frequencies,  motions  at  the 
frequencies  of  the  modes  of  the  constrained  elastic  structure  will  predominate. 

Thus, from  the  nature  of  the  disturbance  and  the  dynamic  characteristics  of  the 
embedded  structure , some  indication  of  the  ranges  of  component  frequencies  and 
amplitudes  can  be  obtained. 

Methods  employed  heretofore  in  synthesizing  a  waveform  to  match  a  given 
response  spectrum  have  relied  heavily  on  trial  and  error  techniques.  Their  disadvan¬ 
tages  have  been  first,  that  rarely  was  a  good  match  with  the  specified  spectrum 
achieved  , and  second,  that  they  did  not  enable  a  systematic  variation  in  component 
frequencies,  component  amplification  ratios,  and  component  phase  relationships  to 
be  made.  Recently  Yang^  developed  an  approach  which  overcomes  all  of  these 
disadvantages.  The  method  is  described  in  detail  in  Reference  21  and  is  reviewed 
here  in  a  simple  form  . 
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6.  1  .  V  IIAMC  l'K  I N(-  1PI.K. 


The  equation  of  motion  of  a  sirapln  linear  spring  mass  svstfin 
subjected  to  base  excitation  is 


x  ♦  w2x  *  u2W(t) 
n  n 


(75) 


where  x  is  the  absolute  acceleration  of  the  mass,  w  is  the  system 

n 

frequency,  and  W(t)  is  the  base  excitation  acceleration  expressed  as  a 
function  of  time.  The  response  spectrum  of  the  excitation  function  W(t) 
is  a  plot  of  the  maximum  response  of  a  series  of  single  degree  of  freedom 
systems,  defined  by  equation  75,  as  a  continuous  function  of  the  system 
frequencies  «n. 

W(t)  can  be  written  as  a  linear  combination  of  some  function  f  (t), 

m 

such  that 


“(t)  *  EV.(t>  (76) 

2 

Where  A  is  a  constant  coefficient  in  in. /sec  ,  associated  with 
m 

the  function  f  (t).  The  problem  here  is  that  from  a  selected  set  of  M 

function  of  f  (t),  (m  =  1,2,  ’"M),  M  number  of  A  coefficients  are  det- 
m  m 

ermined  such  that  the  response  spectrum  generated  by  this  waveform,  as 
expressed  by  equation  76,  matches  M  points  on  a  given  response  spectrum. 

To  match  a  spectum  exactly,  infinite  number  of  terms  might  be  required. 
However,  since  the  response  spectrum  to  be  matched  represents  usually  an 
envelope  of  many  spectra,  it  is  only  necessary  to  match  the  spectrum,  as 
generated  by  the  synthesized  waveform,  within  a  specified  tolerance, 
especially  at  the  region  of  the  spectrum  lying  between  the  system  frequencies 
u>n-  This  tolerance  is  acceptable  so  long  as  it  does  not  exceed  the  prescribed 
bounds  set  by  the  user  of  this  waveform  synthesis  technique. 
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If  an  analytical  solution  of  Equation  75  can  be  derived  for  the  forcing 

function  f  (t),  the  problem  is  reduced  to  the  solution  of  a  set  of  M  simulta- 
zn 

neous  algebraic  equations  for  m  unknown  values  of  A^.  However,  depending  on 
the  nature  of  the  forcing  function,  the  process  may  not  be  this  simple.  The 
following  sections  discuss  the  selection  of  forcing  functions,  the  analytical 
solution  of  Equation  75,  the  method  of  determination  of  coefficient  A^,  and 
the  convergence  of  an  iterative  procedure. 

6.1.3  SELECTION  OF  FORCING  FUNCTION. 

The  selected  acceleration  forcing  function  must  fulfill  two  basic 
requirements.  First,  the  velocity  and  usually  the  displacement  of  the  function 
must  vanish  at  the  end  of  excitation  if  it  is  to  represent  a  physical  transient 
phenomenon.  Second,  the  function  must  be  adjustable  to  provide  some  control  on 
the  response  amplification  ratio.  While  adjustability  in  phase  is  also  desir¬ 
able,  it  is  not  treated  in  this  section. 

Equation  77  is  one  possible  form  of  such  a  forcing  function. 


f  (t)  *  ain  2*b  t  sin  2*Nb t  0  <  t  <  T  (77) 

A  a  B  •  •  ■ 

•  0  t  >  T 

B 

where  b  is  frequency  in  Hz,  N  is  an  integer,  and  Figure  1-21  is  a 

®  m 

plot  of  this  function  where  N  =  5- 

If  N  is  an  odd  number,  say  N  =  2  A  +  1,  where  X  is  an  integer,  f  (t)  may  be 

m 

Integrated  with  respect  to  t,  and,  taking  the  limit  from  0  to  T^,  there 
results 


f  (t)dt 

m 


Bin  2irb  t  sin  2nNb  tdt 

m  m 


1  I  1 

2  j  uirXb 


sin  usAbt  -  r,n;iib" 


sin  Uir(X+l)b  t 


0 


(78) 


Figure  1-21.  form  of  Selected  Forcing  Function,  I  ■  J 


Double  integrating  fB(t)  there  ia  obtained 

J  J*  V’4-*  '  ^  ( o.A  7*  -» 

0  •'o  '  * 

1 

pVU»i)bja  co»  Mx*i)bat  j  “  ■  0 

Therefore,  if  N  assumes  any  odd  number  except  unit,  both  the  terminal 
velocity  and  displacement  at  t  >  are  zero. 

The  response  amplification  ratio  for  a  given  component  frequency  u  may 
be  varied  by  changing  the  parameters  b^  and  N  in  the  forcing  function.  The 
effects  of  the  variation  of  these  parameters  will  be  discussed  in  the  following 
sections. 
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6.1. A  ANALYTICAL  SOLUTIONS. 

Substituting  Equation  77  into  Equation  76 

0  <  t  <  T  (79) 

—  —  B 

t  >  T 

B 


v(t) 


M 

£ 

m=»l 

0 


A  Bin  2i»b  t  Bin  2irITb  t 

si  n  xa 


and  Equation  75  becomes 


X  +  <I»2X 

n 


a2  V*  A  Bin  2nb  t  sin  2irlTb  t 

n  m  ■  * 


0  <  t  <  T 
-  m 


t  >  T 


(80) 


Since  Equation  80  is  linear,  it  can  be  solved  independently  for  each 
x  from  ( t )  only  and  the  final  result  can  be  obtained  by  superposition. 
Therefore,  the  problem  becomes  the  solution  of  the  equations 


x  *  w2x  ■  w2A  sin  2wb t  Bin  2wHb  t 

n  n  n  a  a 

x  ♦  <a2x  *  0 

n 


°  <  t  <  Ta 

t  »  T 


f  8 1 ) 
(82) 


vhere  the  initial  conditions  are 


c{0)  *  x(C)  *  0 


The  solution  of  Equation  81  can  be  obtained  by  Laplace  transforms. 
The  transform  of  Equation  81  gives  the  following  equation: 


XS2  w2X 
-  n- 


w2A 
n  a 


♦  (B*c)2j 


(83) 


vhere  X  ■  L(  x ) ,  B  »  2trb  and  C  ■  2irtTb  . 

a  a 
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Rearranging  Equation  83  to  the  form 


S  -  S.JA.K  { |SS  .  ,  (llcyq .  (si  *  (*c|JJ  J 

and  taking  the  inverse  Laplace  transform  of  Equation  84  there  is 
A  w2  f  cosw  t  -  cos(B-C)t  coiu  t  -  cos(B*C)t  1 

i(t)  -  - (B.C)!  r  ^ - J 

0  <  t  < 


(84) 


obtained 


(85) 


Differentiating  Equation  85  with  respect  to  time 

A  w2  f  -u  ainu  t  ♦  (B-C)sin(B-C)t  -w  ainu t  ♦  (B«-C)sin(B*C)t"| 

-<*>  •  teirr^ - -fecTTTtf - J  <8,» 


The  Laplace  transform  of  Equation  82  with  the  initial  conditions 

at  t=T  :  x(0)*x(T  )  and  x(0)»x(T  ),  gives  the  following  equation: 
mm  m 

XS2  ♦  m2X  «  Sx(T  )  ♦  «{T  )  (87) 

•  n—  ■  ■ 


Substituting  Equations  85  and  86  in  Equation  87  at  t  =  Tm  and 
rearranging  there  is  obtained 


X 

•m 


* 


Vn8 

cosw_T  -  cob  ( B-C  )T  coiu  T 

n  ■  «  n  m 

-  cos(B+C)T 
n 

~ 

2(82  ♦  m2) 

n 

A  u2 
m  n 

?B-C)2  -  „2  75k 

r  /u  ainu  T  -  (B-C)sin(B-C)T 

> 

2(82  ♦  w2) 

n 

['{  it-cW-  -J 

/u  ainu  T  -  (8*-C)ain(B+C)T  \ 

*  \  (BfC)2  -  U*  j 

(88) 
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Taking  the  inverse  Laplace  transioirn  of  Equation  8b 


Equations  85  and  89  can  then  be  rearranged  to  obtain 


where  w  ■  2iroi  sod  H  is  Heaviside  function, 
n  n 

Finally,  solutions  of  Equation  84  can  be  written 


M 

x(t»  "n*  “  2>  Q  (t,  bJ 

n  B  n  * 


(91) 


where  (t,  b#)  takes  the  form  of  the  right-hand  side  of  Equation  90 

without  Ab<  The  first  part  of  defines  the  responses  of  a  system  with  frequency 
wR  during  application  of  the  excitation  function  V(t),  and  the  second  part 
defines  the  responses  after  termination  of  the  excitation  function. 


Equation  91  Is  valid  for  all  values  of  t,  w  ,  and  b  with  the 
^  n  in 

exception  that  at  b  *  S’  /(I  -  N  )  and  b  *  S’  /(I  ♦  N  ).both  numerator 
m  n  m  m  n  m 

and  denominator  of  the  equation  vanish  and  the  value  of  the  equation  is 

undetermined.  However,  as  b  approaches  either  w  /(I  •  N  )  or  3  /(I  *  N  i, 

m  rr  n  m  n  m 

the  limiting  value  of  can  be  obtained  by  applying  L'Hospital's  rule. 
Hence,  Equation  91  can  be  rearranged  as  follows  to  resolve  this  difficulty. 


Depending  on  the  value  of  b^,  in  Equation  91  may  take  the  form  of 
Equation  90,  92,  or  93. 
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brom  the  given  i  t  bponst*  spectrum,  M  numbers  of  v  maximum  response  at 
U  t  \  ecjuenc  v  can  be  se  1  ec  l  ed  and  f  r  om  the  select  ed  <*> ,  ( k  =  1 , 2  , .  •  .  .  M  )  ft  ***  (uenc  i  c  s  . 

M  nuabsrs  of  wavefora  eoopontnta  art  fixed  where  each  component  has  a 
frequency  b  determined  as  a  function  of  and  It  is  shown  later  that 
the  proper  selection  of  b  and  H  approximates  the  aaplification  ratio  at  the 
frequency 


>-.1.5  ui.TEKMl  NAI  lt/N  OF  (OEFFKIENI. 

'.he  next  stt-p  is  to  determine  the  coefficients  A  .  From  the  given 

m  ° 

response  spectium,  M  numter  of  x,^  maximum  response  at  frequency  are 
»e  1  ec  t  ed  . 

Since  Q  is  also  a  tunc  t  i  n,  of  t,  the  t  line  t,  at  which  the  maximum 
m 

i  cap.  nse  x.  .  ;-j.- 1  no  determined .  Fifierei  t  iuting  Equation  si  there  is 

.  ht a l red 


a_ 

at 


x  (t, 


“nV 


( sa  i 


Set  :  iri!  Equation  >c  to  ,-er  ,  h<  time  t  can  he  determined  at  which  x 
is  f,  max  lmur  Hern  <  .  there  are  2M  eru.a  t  i ,  n  ,.s  as  ‘oil  >ws 


and 


M 

\  "  £  A»St*^ \ '  “k’  b«^ 

“*1  k  •  1  2  M 


■  0 

k  ■  1,  7 . M 


(P‘5  > 


i  Oh  1 


r  i  >m  t  h  •  e  ■  h  t  i  ■>.-  :ri  >.  ■>  ->  ol  /.  and  M  unknowns  of  t  «.an  be  found. 

m  k 

However,  this  procedure  (a  ac  eptaiue  only  for  relatively  staple  functions  of 
V  IfS.  is  a  continuous  function  vhich  change*  slope  »ore  than  twice,  then 
>  i  >n  will  have  »ore  than  two  values  of  and  another  operation  is 
required  to  select  the  t  which  corresponds  to  the  aaxlnus  value  of  x. 


i-n; 


Furthermore,  for  the  selected  waveform,  the  response  function 
contains  transcendental  terms.  An  analytical  solution  to  obtain  coefficients 
is  almost  impossible.  The  alternative  is  to  use  a  numerical  iteration  process. 

6.1.6  DESCRIPTION  OF  ITERATION  PROCEDURE. 

Assume  first  a  set  of  trial  coefficients  A^ ,  A^,  --A^  where  M  is  the  number 

of  points  to  be  matched  on  the  given  response  spectrvmi.  Then,  by  utilising  a 
computer  a  search  can  be  made  for  the  maximum  value  of  Equation  91  for  a  given 
set  of  M  number  of  frequencies  during  a  specified  time  range  of  0  <  t  <  T 

where  T  is  greater  than  T^.  In  the  process,  a  set  of  N  number  of  tfc  is  also 
established  where  t^  is  the  time  when  the  maximum  response  occurred. 

Therefore 


!*k|  "  [Qkm]|*m 


Where:  (97) 

k  -  1,  2,  3 . M 

m  a  1,2,3,  ...» «M 


where  is  the  maximum  value  of  corresponding  to  5^,  and  is  a 

m*l 

numerical  value  evaluated  at  t  ■  tfc. 

Usually,  the  calculated  maximum  response  x,  from  the  first  values  of  A 

k  m 

does  not  coincide  with  the  maximum  response  values  from  the  given  spectrum  at 
frequency  u^.  A  nev  set  of  values  can  be  calculated  as  follows: 


IM  •  [s,p  1M 


Where : 

k  -  1,  2.  3, 
■  -  1.  2.  3, 


(98) 

M 

M 


where  x^  is  the  maximum  response  value  from  the  given  spectrum  at  frequency 
In  order  to  invert  the  matrix  [O^J*  determinant  lO^J  suet  not 
vanish. 
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from  the  calculated  new  values  <>t  c  ne  1  f  i  c  i  en !  s  ,  < 


new 


set  of  X.  and  t. 

h  k 

values  /ire  uel  ei  mined.  1'hls  pi  iicesh  can  he  repeated  until  lie  ml,  elated  maxi¬ 
mum  responses  are  appi  ox  tma  t  e  L  y  *  qu/i  L  to  the  t  <  q..  i  i  icsponse  values  Irani  the 

response  spectrum  or  (x^  -  x^|  <  C,  where  (  1«  to  arbitrarily  small  number. 

In  summary,  the  iteration  procedures  can  be  listed  as  follows; 


Choose  M  as  the  number  of  points  to  be  matched  on  a  given  response 
spectrum. 

Select  a  set  of  trial  values  of  A  '»  (b  «  1,  2,  . ...M). 

m 

Specify  a  time  range  0  <  t  <  T  where  T  >  T  . 

•  n 


Search  for  maximum  values  of  JXSos 
which  time  the  maximum  calculated  response  x^  occurs 


for  each  and  record  at 


e 


Evaluate  the  numerical  values  of  at  t  »  t^. 


Invert  matrix 


fs-> 


Calculate  new  values  of  coefficient  by  Equation  98. 
Repeat  the  process  until  Jx^  -  XjJ  <  C- 


6.1.7  CHOICE  OF  SYSTEM  FREQUENCY  ON  THE  SPECTRUM. 


In  the  last  section  no  mathematical  proof  was  given  to  show  that  the  it 
ation  procedure  is  convergent  for  any  value  of  forcing  function  frequency  b^. 

ever,  it  has  been  found  by  trial  computer  runs  that  if  b^  is  chosen  properly, 
then  the  diagonal  elements*  in  aTe  large  when  compared  to  the  off- 

diagonal  elements  and  in  this  case,  the  iteration  procedure  converges. 


From  Equation  90  it  can  be  shown  that  if  the  ratio  of  b  to  u  is  laree 

m  n  & 

the  value  of  0  ( t ,  ,  b  >  i s  small  and  decreases  in  the  order  of  the  ratio  of 

‘m  n  m 


ft- 


It  can  also  be  shown  that  the  function  attains  a  maximum  when  the 

-i—  tn  ■  — in  The  value  of 


Tatio  b  /w  is  approximately  in  the  range  of  to 
d  n  A 

is  shown  aa  a  function  of  the  ratio  b  /tu  for  H  »  5  in  Figure  1-22. 

m  n 


er- 

How- 


Thus,  the  proper  choice  of  b^  for  a  given  guarantees  the  convergence 
of  the  iteration  process  and  in  combination  with  the  value  of  N,  controls  the 
amplification  of  the  response  motions  at  the  system  frequency  w^.  However,  if 
any  two  system  frequencies  are  too  close,  the  magnitude  of  the  element  next  to 
the  diagonal  element  is  of  the  same  order  as  the  diagonal  element  and  the  itera¬ 
tion  procedure  does  not  converge.  From  a  series  of  computer  trial  runs,  the 
following  table  was  compiled  and  can  be  used  as  guidelines  for  the  system 
frequencies  selection  for  different  N  values. 


N 

3 

5 

7 

9 

w  /  Ol  , 

n  n-1 

1.95 

1.7 

1.61 

1.43 

6.1.8  COMPUTER  PROGRAM. 

A  computer  program  has  been  developed  to  systhesize  the  time-motion  history 
from  a  given  response  spectrum  by  the  method  described  in  this  section.  It  is 
called  the  WAVSYN  program. 
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6.2  FURTHER  IKPROVKiOjT  FOR  THE  WAVEFORM  SYKTHESIS  PROGRAM. 

6.2.1  OBJECTIVES. 

The  WAVSYN  technique  described  in  Section  6.1,  consists  of  superimposing 
a  series  of  sinusoidal  components,  each  component  first  increasing  and  then  de¬ 
creasing  in  amplitude.  Each  component  consists  of  an  odd  number  of  half-cycle 
oscillations.  The  number  of  half-cycle  oscillations  is  also  approximately  equal 
to  the  amplification  ratio  of  the  frequency  component.  Discrete  points  on  the 
response  spectrum  to  be  matched  are  then  selected,  and  from  the  required  number 
of  half-cycles,  the  frequencies  of  the  waveform  components  are  fixed  to  generate 
resonances  at  the  system  frequency  match  points.  By  an  iteration  process,  the 
computation  adjusts  the  component  amplitudes  until  the  required  responses  are 
obtained  at  the  selected  frequencies. 

This  waveform  synthesis  approach  guarantees  a  good  match  at  the  selected 
frequencies  on  the  spectrum.  However,  at  intermediate  points  between  the  selected 
frequencies  at  which  a  match  is  fixed,  the  spectrum  of  the  synthesized  wave  may 
differ  considerably  from  the  desired  spectrum.  Locations  of  the  selected  frequency 
points  then  must  be  adjusted  or  additional  frequency  points  added  to  improve  the 
correlation.  However,  there  are  no  clear  guidelines  as  to  how  the  frequency  points 
should  be  controlled  to  improve  the  matching  results  at  intermediate  frequency 
points,  and  there  is  no  guarantee  that  the  adjusted  result  could  not  be  improved 
further. 

Thun,  the  first  objective  of  the  improvement  in  this  section  is  to  examine, 
in  dotcll,  the  contribution  of  each  frequency  component  to  the  spectrum  of  the 
composite  motion  and,  from  this  examination,  attempt  to  establish  mathematical 
rules  for  proper  selection  of  the  frequency  points.  These  mathematical  rules 
would  serve  the  following  purposes:  (1)  increase  efficiency  of  the  application  of 
the  WAVSYN  program,  and  (2)  improve  accuracy  of  the  results. 

The  waveform  synthesis  technique  presented  in  Section  6.1  requires  that 
all  frequency  components  be  initiated  simultaneously  at  the  beginning  of  the  wave. 
In  many  applications,  however,  some  information  on  the  phasing  of  the  frequency 
components  is  available,  and  rau ?ly  are  the  components  observed  to  begin  simulta¬ 
neously.  In  the  SAFEGUARD  design,  a  notable  example  is  the  free-field  ground  mo¬ 
tions  where  it  is  known  that  the  relatively  low-frequency  outrunning  components 
preceue,  by  p.  significant  time  period,  the  high  frequencies  associated  with  the 
airblast-induced  motion. 
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While  the  shock  response  spectrum  does  not  contain  pnaoing  information, 
it  is  easily  shown  that  the  responses  of  coupled  linear  systems  and  of  nonlinear 
systems  are  sensitive  to  phasing  of  the  frequency  component  of  the  input  wave. 

Just  as  in  the  present  WAVSYN  program  an  attempt  is  made  to  approximate  the 
amplification  ratio  of  each  of  the  components,  so  would  it  bo  desirable  to 
approximate  the  phasing  of  each  component  if  such  data  are  available.  Thus  the 
second  objective  of  this  study  was  to  incorporate  the  arbitrary  phasing  of  the 
frequency  components  in  the  WAVSYN  program  to  achieve  a  realistic  simulation  of 
the  SAFEGUARD  environment. 

6.2.2  BACKGROUND. 

A  waveform,  synthesized  by  the  method  just  described,  yields  a  response 
spectrum  which  matches  M  points  on  the  given  response  spectrum  and  approximates 
the  amplification  ratios  at  these  points.  There  are  two  further  items  which  must 
be  considered.  The  first  item  is  the  method  of  selecting  the  M  frequency  points 
on  a  given  spectrum,  and  the  second  item  is  that  of  controlling  the  responses 
between  the  selected  system  frequency  points.  If  the  frequency  points  are  selected 
too  close  together,  the  response  contribution  of  one  frequency  component  to  the 
other  frequency  component  may  be  so  high  that  the  elements  for  the  matrix  [Qj^J 
cannot  be  fulfilled.  That  is,  responses  between  the  frequency  points  are  much 
higher  than  the  spectrum  between  these  same  frequencies  because  the  contributions 
from  both  the  frequency  points  are  too  high.  On  the  other  hand,  if  the  frequency 
points  are  selected  too  far  apart,  the  responses  at  the  frequencies  between  the 
selected  points  are  so  low  that  they  cannot  meet  the  given  response  spectrum  require¬ 
ment  at  these  intermediate  frequencies. 

Based  on  a  series  of  trial  computer  runs,  a  set  of  system  frequency  ratios 
has  been  established  for  different  N  values  as  shown  in  Reference  21 .  The  following 
sections  present  a  systematic  approach  to  the  selection  of  optimum  system  frequency 
points. 

6.2.3  NORMALIZED  RESPONSE  CHARACTERISTICS  OF  THE  WAVEFORM  COMPONENT. 

To  establish  the  contribution  of  the  waveform  components  to  the  total 
responses  between  the  selected  frequency  points,  the  response  characteristics  of 
each  waveform  component  must  be  understood.  From  Equations  90  and  91  the  response 
of  one  waveform  component  to  the  system  frequency  can  be  written  as 
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Setting  (1  -  Nm)  -  (1  +  Nm>  -  C 2>  t/Tm  -  r ,  and  ~  R» 

Equation  99  is  reduced  to  the  form 


For  different  numbers  of  half-cycle  oscillations,  Equation  100  shows 
the  normalized  response  motions  as  a  function  of  the  frequency  ratio  R.  Note 
that  during  the  application  of  excitation  function,  the  normalized  time  r varies 

from  zero  to  one.  Different  values  of  frequency  ratios  can  be  interpreted  aa 
the  response  motions  of  different  systems  at  frequency  £>n  due  to  a  waveform 
component  at  frequency  b  .  For  example,  if  the  waveform  component  frequency 

B 

is  1  Hz,  then  when  R  is  equal  to  0.1,  0.5,  or  1,  the  system  frequency  is  0.1 
Hz,  0.5  Hz,  or  1.0  Hz  respectively. 
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The  normalized  response  spectrum  can  be  obtained  from  Equation  100  for 
different  values  of  half-cycle  oscillations.  As  shown  in  Figure  1-23,  the  solid 
lines  represent  the  maximax  spectra  and  the  dotted  lines  are  the  residual  spectra. 
These  plots  confirm  the  conclusion  reached  in  Reference  21  that  the  resonance 
conditions  or  the  maximum  responses  occur  at  R  equal  to  0.28  and  0.19  for  IV 
equal  to  3  and  5  respectively  and  equal  to  1/K  for  R  equal  to  7  or  greater. 

As  indicated  on  the  residual  spectra,  the  responses  are  zero  at  certain  values 
of  R.  On  examination  of  the  second  part  of  Equation  100,  it  can  be  seen  that 
when  R  equals  to  0.5,  0.25,  0.1667,  0.125,  0.1,  etc.,  sin  ~  is  equal  to  zero 
and  x/A  vanishes.  However,  depending  on  the  values  of  N,  there  are  exceptions. 
For  example,  at  N  *  3  the  denominator  also  is  equal  to  zero  at  R  *  0.5  and 
0.25.  Then,  a  finite  response  can  be  obtained  at  these  values  of  R  for  H  ■  3. 

It  is  also  interesting  to  note  that  the  maximum  residual  responses  have 
the  same  values  as  the  maximax  responses.  Analytically,  this  can  be  evaluated 
as  follows: 

Differentiating  the  second  part  of  Equation  100  with  respect  to  r,  the 
following  equation  is  obtained: 


d  x/A 
dT 


I»H  r2(w/R) 

"  *  JC\'W  -1^C22r2  .  •!»  If  «>■  (S  -  f)  ’i1 


(  101) 


Setting  Equation  101  equal  to  zero  and  solving  for  r,  the  results  are 


T  ■  (  i  +  — )  (—  +  — )  (i  +  15.) 
T  2  +  2V2  +  2  ’’(2  *  2* ' 


Substituting  the  values  of  r  into  the  second  part  of  Equation  100,  the 
maximum  residual  response  is 


.01  .02  .04  .06  .08  .1  .15  .2  .25.3  .4  .5  .6.7.8.91.0 

NORMALIZED  FREQUENCY  RATIO  R  •  b^ 


Figure  1-23.  Normalized  Maximax  and  Residual  Response  Spectra  of  the 
Selected  Wavefcim  Ctxnponent  for  N  =  3,  5,  7,  and  9 
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For  a  given  value  of  N,  the  normalized  time-motion  histories  is  a 
function  of  R  alone.  At  a  small  value  of  R,  say  .02,  the  response  motion  is 
almost  identical  to  the  input  motion  and  the  maximum  normalized  response 
amplitude  is  one.  As  the  value  of  R  increases,  the  response  amplitude  also 
increases.  At  the  resonance  condition  of  R  -  0.28,  the  maximum  response  ampli 
tude  of  3.3  is  reached  first  during  application  of  the  input  motion  at  r  less 
than  one  and  then  during  the  residual  vibration  phase.  As  the  value  of  R 
increases  further,  the  response  amplitude  begins  to  decrease. 

As  mentioned  earlier,  the  waveform  component  frequency  is  selected  to 
produce  a  resonance  condition  at  a  system  frequency,  so  the  convergence  of  the 
interaction  solution  is  guaranteed.  The  response  contribution  of  the  waveform 
component  is  relatively  low  to  the  other  system  frequencies  which  are  much 
higher  than  the  resonance  system  frequency.  On  the  other  hand,  for  those 
system  frequencies  which  are  much  lower,  the  normalized  response  amplitude 
approaches  one.  In  general,  the  magnitude  of  a  response  spectrum  in  terms  of 
absolute  acceleration  increases  as  a  function  of  increasing  frequency.  Thus, 
a  selected  waveform  component  has  only  substantial  response  contributions  to 
those  system  frequencies  which  are  in  the  vicinity  of  a  resonance  system 
frequency. 

6.2.4  SELECTION  OF  FREQUENCY  MATCH  POINTS  ON  THE  SPECTRUM. 

The  complicated  nature  of  the  response  motions  precludes  use  of  a  pure 
ana  I  yf  1  c/i  I  approach  to  select  optimum  locations  of  the  frequency  match  points 
on  th«  spectrum.  However,  u  set  of  system  frequency  ratios  can  be  established 
for  the  constant  displacement,  velocity,  and  acceleration  regions  on  the 
spectrum. 

The  results  in  the  previous  section  indicate  that  the  response  contri¬ 
bution  from  one  waveform  component  is  primarily  due  to  those  system  frequencie 
which  are  nearest  the  waveform  component  frequency.  To  establish  the  optimum 
system  frequency  ratios,  an  approach  was  adopted  which  considered  only  three 
system  frequency  match  points  on  the  spectrum. 


Figure  1-24  shows  three  selected  system  frequency  points,  labeled  as 

w2,  and  m 3  on  a  spectrum.  The  system  frequency  ratios  are  a  ■  w2/wi  •  wj/wj. 
The  waveform  component  frequencies  are  selected  to  produce  resonance  conditions 
at  the  system  frequency  points.  Thus,  bj/wi  ■  b2/w2  ■  bj/wj  ■  Rn  where  Rn  is 
a  function  of  lft  the  required  half-cycle  oscillation.  At  the  constant  dis¬ 
placement  region  of  the  response  spectrua,  the  required  response  amplitude  is 
related  to  the  system  frequency  by  the  following  ratios: 


Similarly,  the  relationships  are  x^/x2  =  X2^X3  ’  ^2^3  ^or 

the  constant  velocity  region,  and  x^  =  X2  =  X3  ^or  t*le  constant  acceleration 
region . 


Based  on  this  formulation  of  three  system  frequency  points,  a  series 
of  waveforms  are  synthesized  to  match  the  three  regions  on  the  spectrum.  At 
each  region,  both  the  values  of  N  and  «  are  varied.  The  response  spectrum 

generated  by  the  synthesized  waveform  is  then  compared  with  the  required 
spectrum,  and  the  maximum  deviation  from  the  requirement  in  the  region  between 
frequency  points  and  3S  is  established. 


Figure  1-24.  Three  Selected  System  Frequency  Match 
Points  on  a  Response  Spectrum 
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The  results  are  summarized  and  plotted  as  in  Figure  1-25  for  N  ■  3,  5, 

7,  9,  11,  and  13.  On  each  figure,  the  maximum  deviation  is  shown  as  a  function 
of  the  system  frequency  ratios  for  the  constant  displacement,  velocity,  and 
acceleration  regions. 

At  N  =  7  or  greater,  the  deviation  Is  less  than  10  percent  at  low  system 
frequency  ratios.  As  the  6ystera  frequency  ratio  Increases,  the  deviation  in¬ 
creases  to  a  peak  of  between  40  and  50  percent  and  then  decreases  to  a  valley  of 
less  than  15  percent.  It  would  seem  that  the  optimum  system  frequency  ratio 
should  be  selected  in  this  valley  region  because  it  has  an  acceptable  deviation 
level  and  also  has  a  high  system  frequency  ratio  which  means  fewer  frequency 
match  points  on  a  given  spectrum.  There  are  relatively  small  deviation  differences 
between  the  constant  displacement,  velocity,  and  acceleration  regions.  Thus,  one 
optimum  system  frequency  ratio  can  be  used  for  all  three  regions. 

For  N  ■  3,  the  iteration  process  does  not  converge  at  system  frequency 
ratios  of  higher  than  1.4  at  the  constant  displacement  region.  The  deviation  is 
less  than  10  percent  up  to  a  ■  1.55  for  the  constant  velocity  and  acceleration 
region.  For  N  ■  5,  the  function  of  maximum  deviation  versus  system  frequency 
ratio  follows  the  general  shape  as  for  N  *  7  or  greater.  However,  the  peak 
occurs  at  a  high  value  of  a.  Thus,  for  both  N  ■  3  and  N  ■  5,  the  optimum  system 
frequency  ratio  must  be  selected  at  a  relatively  low  value. 

Table  III  summarizes  the  optimum  system  frequency  ratios  for  different 
N  values. 


TABLE  III 

OPTIMUM  SYSTEM  FREQUENCY  RATIOS  FOR  DIFFERENT  N  VALUES 


1.3  1.35  1.6  1.1»5  1-35  1.3 


11 

13 

1.35 

1.3 

1-148 


Figure  1-25.  Maximum  Deviation  Versus  System  Frequency  Ratio  for  Three  System 
Frequency  Match  Points  at  N  =  3,  5,  7,  9,  11,  and  13 


The  above  system  frequency  ratios  are  established  on  the  basis  of 
considering  only  three  waveform  components  which  have  identical  number  of  half¬ 
cycle  oscillations.  Even  though  the  response  contribution  from  more  remote  wave¬ 
form  components  is  small,  the  deviation  may  change  to  a  higher  value  when  moT e 

waveform  components  are  involved.  Furthermore,  when  the  adjacent  waveform 
component  has  a  different  value  of  half-cycle  oscillations,  tha  established 
system  frequency  ratios  may  also  change.  Thus,  the  optimise  system  frequency 
ratios  shown  in  Table  111  can  be  used  as  a  starting  point  to  initiate  a  solution. 
Depending  on  the  factors  such  as  the  shape  of  the  required  spectrum,  the 
number  of  frequency  match  points,  and  the  values  of  H,  minor  adjustments  o® 
these  ratios  are  still  required  to  obtain  an  optisna  total  solution. 

6.2.5  PHASING  OF  WAVEFORM  COMPONENTS. 

As  stated  earlier,  phasing  of  the  waveform  components  can  be  repre¬ 
sented  by  a  given  time  delay  of  the  waveform  component  with  respect  to  the 
starting  time  of  the  total  waveform.  Mathematically,  the  waveform  with  the  time 
delay  can  be  written  as 


V(t) 


M 


m»l 


Vm 


■  sin  2i  b  t  sin  2tt  N  b  t 
m  mm 


a  o 


0  i  i  tdm 


t.  <.  t  <  t  ♦  T 

UXU  ^  ^  UU  ID 


t  >  t .  ♦  T 
—  dm  m 


(103) 


U04) 


where  is  the  required  time  delay  for  the  mth  waveform  component. 

Equation  104  is  identical  tc  Equation  77  except  that  it  is  valid  in  a 
different  time  region.  Thus,  with  the  change  of  time  region,  the  response 
motions  shown  in  Equations  90  thru  93  are  also  valid  for  a  waveform  with  time 
delay.  In  other  words,  the  response  motion  of  the  mth  waveform  component  is  also 
delayed  by  the  time  t^.  Since  the  waveform  component  frequency  is  selected  to  pro¬ 
duce  a  resonance  condition  at  a  given  system  frequency,  the  time  delay  has  little 
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eiitct  i'h  the  response  motions  at  the  seleited  system  It'  i|in'in  y  milih  pointy 
and  hence,  it  has  no  effect  on  the  convergence  of  the  iteration  solution. 

The  plots  nl  the  normalized  response  motions  in  teierei.ee  In  indie. 
that  the  time  frame  shift  due  to  the  time  delav  of  the  wavefonn  component  has 
a  drastic  elfect  on  the  systems  which  have  frequencies  between  the  ^eleited 
frequency  match  points.  The  optimum  system  frequency  ratios  established  in  the 
last  section  are  no  longer  applicable  to  a  synthesized  waveform  which  contains 
time  delavs  in  its  components. 

The  inclusion  of  the  time  delay  effect  in  the  waveform  synthesis  techni¬ 
que  is  a  refinement  similar  to  the  simulation  of  amplification  ratio,  where  a 
less  accurate  approximation  must  be  accepted.  The  main  objective  is  still  to 
match  a  given  spectrum  as  closely  as  possible.  However,  instead  of  accepting 
any  arbitrary  time  delay,  for  any  waveform  component  at  any  number  of  half-cycle 
oscillations,  some  type  of  constraint  must  be  established.  The  spectrum  gene¬ 
rated  by  the  synthesized  waveform  with  time  delay  will  then  match  the  given 
spectrum  within  a  reasonable  tolerance  at  all  locations.  The  following  para¬ 
graphs  explain  a  systematic  approach  to  establish  the  constraints. 

Again  select  three  system  frequency  points,  u>^,  ,  and  on  a  spectrum 

and  the  corresponding  waveform  component  frequencies  are  b^,  b^,  and  for  a 
given  N.  If  the  time  delays  of  the  second  and  third  waveform  components  are 
t^2  and  t^3  ,  then  the  relative  time  delay  between  the  first  and  second  waveform 
components  is  t^2  -  0  =  td2l  and  trf3  -  trf2  =  t^32  between  the  second  and 
third  waveform  components.  The  definition  of  relative  time  delay  is  clarified 
in  Figure  1-26. 

If  the  relative  time  delay  between  two  waveform  components  is  longer  than 
the  duration  of  the  first  waveform  component,  the  response  of  the  system  between 
the  selected  frequency  match  points  is  limited  to  the  contribution  from  the 
after  shock  effect  of  the  first  waveform  component,  and  it  is  doubtful  if  a 
good  match  of  the  spectrum  at  that  system  frequency  location  can  be  achieved. 
Thus,  the  first  constraint  is  to  use  a  relative  time  delay  not  longer  than  the 
duration  of  the  waveform  component,  or  the  waveform  components  must  be  over¬ 
lapped  in  time. 
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Figure  1-26.  Time  Delay  and  Relative  Time  Delay 
of  the  Waveform  Component 

From  the  and  N  of  a  given  waveform  component,  the  duration  of  each 

half-cycle  oscillation  is  l/(2b  N  ).  The  relative  time  delay  t,,  . , ,  can  then 
J  mm  dim* l)m 

be  related  to  this  duration  by  a  ratio  D  =  t  . .  „ ,  -(2b  N  ).  For  example,  a 

J  r  d (m+1 )m  mm 

waveform  component  has  N  =  5  and  b  =  1  Hz.  The  duration  of  each  half-cycle 

oscillation  is  l/(2Ml)(5)  =  0.1  seconds.  If  the  relative  time  delay  between 

this  waveform  component  and  the  next  waveform  component  of  higher  frequency  is 

0.25  seconds,  the  time  delay  ratio  is  =  0.25/0.1  =  2.5.  To  satisfy  the 

first  constraint,  D  must  not  be  more  than  5  for  N  =  5. 
r 

Using  the  optimum  system  frequency  ratios  established  in  the  last  section 
for  a  waveform  with  no  time  delay  as  a  guide,  the  response  deviation  from  the 
requirement  is  established  as  a  function  of  different  values  of  time  delay  ratio 
for  a  synthesized  waveform  which  contains  three  components. 

The  results  are  plotted  in  Figure  1-27  for  N  =  3,  5,  7,  9,  11,  and  13. 

As  indicated  by  the  figure,  the  time  delay  has  a  drastic  effect  on  the  peak 
response  motion.  In  general,  the  function  of  maximum  deviation  versus  time  delay 
ratio  follows  an  oscillatory  pattern.  It  varies  from  a  maximum  of  over  50  percent 
to  a  minimum  of  less  than  10  percent.  From  these  results,  a  set  of  acceptable 
time  delay  ratio  ranges  can  be  established  for  a  given  value  of  N,  such  that  the 
deviation  from  the  required  spectrum  is  minimized.  Finally,  the  range  of 
acceptable  time  delay  for  the  waveform  components  can  be  calculated  from  the 
acceptable  time  delay  ratios.  Table  IV  shows  a  summary  of  the  range  of  accept¬ 
able  time  delay  ratios  for  N  =  3,  5,  7,  9,  11,  and  13.  If  the  required  phasing 
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Figure  1-27. 
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Calculated  at  Optimum  System  Frequency  Rati 
for  N  =  i,  5,  7,  9,  11,  and  13 


1-153 


or  time  delay  is  not  in  the  acceptable  range,  a  compromise  must  be  made  to  ad¬ 
just  the  time  delay,  so  this  constraint  can  be  met. 

The  acceptable  time  delay  ratios  shown  in  Table  IV  are  developed  ior 
three  system  frequencies  spaced  according  to  the  optimum  system  frequency 
ratios  shown  in  Table  Ill.  There  are  many  other  possible  combinations  of  time 
delay  ratios  and  system  frequency  ratios  which  are  also  acceptable.  Therefore, 
the  constraint  on  the  acceptable  range  of  time  delay  ratios  is  directed  towards 
one  possible  combination  used  in  this  study  to  facilitate  the  application  of 
waveform  synthesis  technique.  Under  special  circumstances  both  the  established 
system  frequency  ratios  and  the  time  delay  ratios  may  be  altered  to  improve 
the  accuracy  of  the  overall  response  results. 


TABLE  IV 

RAMOS  07  ACCEPTABLE  TIME  DELAY  RATIOS 
TOR  DIFFERENT  H  VALUES 


N 

3 

5 

7 

9 

11 

13 

Time  Delay 

0 

0-0.15 

0 

0 

0 

0 

Ratio  Range 

0.15-0.1*5 

o. 5-0.6 
1.7-2. 0 

0.8-1. 2 
2. 7-3.0 
1*.  15-U.  3 

0.9-1. 3 
2. 5-3.0 
1*.1*-1*.6 
6.2-6. 3 
7.95-8.1 

0.9-1. 3 

2. 5-3.0 
U.  5-1*.  8 
6.25 

8. 1-8. 3 
10.0 

1.0-1. 1*5 

2. 7-3. 2 

1*.  5-U.9 

6.  l*_ 6.6 
8.25 
10.25 
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6.2.6  CONCLUSIONS. 

The  two  major  objectives  of  the  waveform  systhesis  modification  were  to 
include  phasing  of  the  waveform  components  in  the  program  and  to  establish 
rules  for  the  proper  selection  of  the  system  frequency  match  points.  These 
objectives  have  been  successfully  achieved. 

The  use  of  time  delay  function  to  represent  phasing  of  the  waveform 
components  simplifies  the  modification  of  the  WAVSYN  program.  However,  because 
of  the  response  characteristics  of  the  selected  waveform,  constraints  are  re¬ 
quired  to  limit  the  acceptable  range  of  time  delay  for  a  given  system  frequency 
and  amplification  ratio  in  order  to  ensure  that  an  accurate  match  of  the  spectrum 
at  the  intermediate  frequency  points  can  be  made.  Although  this  restriction 
is  not  desirable,  it  does  not  detract  significantly  from  the  usefulness  of  the 
phasing  feature.  In  most  practical  situations,  exact  information  on  the  phasing 
of  the  frequency  components  is  not  available.  Further,  the  approximate  simula¬ 
tion  permits  variations  in  phasing  to  be  made, thus  providing  a  means  for  the 
systematic  evaluation  of  system  responses  to  phasing. 

Early  in  this  study,  a  closed-form,  analytical  approach  was  attempted 
and  failed  to  establish  m  thematical  rules  for  the  proper  selection  of  the 
system  frequency  match  points.  A  reasonable  alternative  was  to  employ  the  semi- 
empirical  method  described  in  this  report.  The  rules  shown  in  Sections  b.2.T, 
6.2.4,  and  6.2.5  were  established  on  the  basis  of  different  combinations  of  sys¬ 
tem  frequencies,  amplification  ratios,  and  time  delays.  As  there  are  an  infinite 
number  of  such  combinations,  the  recommended  rules  do  not  ensure  optimum  results 
for  all  the  possible  situations.  It  is  expected,  however,  that  by  applying  these 
rules,  an  accuracy  of  at  least  15  percent  can  be  achieved  in  matching  the  re¬ 
quired  spectrum. 

Addition  of  an  automatic  method  in  the  new  program  minimizes  the  trial 
and  error  process  required  in  synthesizing  a  waveform.  In  some  cases,  the  manual 
method  is  useful  to  suppress  the  constraints  built  into  the  program  and  to  allow 
fine  adjustments  on  system  frequency  ratios  and  time  delays.  As  shown  in  the 
sample  problems,  the  results  obtained  from  the  automatic  method  can  usually  be 
improved,  if  necessary,  by  manually  adjusting  the  parameters. 

The  waveform  synthesis  tec unique  as  described  in  Reference  21  and 
expanded  in  this  study  constitutes  a  new  development  in  supplementing  the  response 
spectrum  as  a  definition  of  shock  environment.  There  are  many  other  possible 
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applications  o£  this  technique,  and  the  developed  approach  must  oe  considered 
as  a  beginning  rather  than  an  end  in  solving  this  type  of  problem.  Further 
research  should  be  made  on  the  program  to  improve  its  accuracy,  to  eliminate 
the  limitations  on  amplification  ratio  and  time  delay,  and  to  extend  its 
application  to  other  areas. 

Based  on  the  theories  and  results  developed  in  this  section,  the 
original  version  of  WAVSYN  program  has  been  modified  to  include  phasing  of  the 
waveform  components.  The  program  has  been  reorganized  extensively  such  that 
accurate  results  can  be  systematically  obtained  with  minimum  trial  and  error 
effort.  The  size  of  the  program  is  also  increased  from  a  maximum  of  15  to  25 
system  frequency  points  on  the  spectrum.  Based  on  the  half-cycle  oscillations 
at  the  selected  sytem  frequency  points,  the  time  delays  are  forced  to  equal  one 
of  the  values  listed  in  Table  V.  Minimum  accuracy  tolerance  is  usually  set  at 
15  percent.  The  modified  version  of  the  program  is  titled  NWVSYN. 


TABLE  V 

ACCEPTABLE  TIME  DELAY  RATIOS  FOR  DIFFERENT 
HUMBER  OF  HALF-CYCLE  OSCILLATIONS 


N 

3 

5 

7 

9 

11 

13 

Acceptable 
Time  Delay 
Ratios  Dr 

0 

0.2 

0.1* 

0 

0.1 

0.55 

1.75 

0 

1.0 

2.75 

4.25 

0 

1.0 

2.75 

4.50 

6.25 

8.00 

0 

1.0 

2.75 

4.50 

6.25 

8.25 
10.00 

0 

1.25 

2.75 

4.75 
6.50 

8.25 
10.25 
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Part  II  and  Part  IV  include  two  additional  computer  programs,  FOIJillE 
and  FILTER,  for  the  computation  of  the  amplification  ratio  spec t mm  fiom  an 
actual  time-acceleration  history  record.  F0UR1E  transfoims  the  time  history 
into  its  frequency  domain,  and  FILTER  computes  the  steady-state  response  at 
the  predominant  component  frequencies.  The  amplification  ratio  spectrum  is  the 
ratios  of  the  response  spectrum  of  the  actual  time-acceleration  history 
(obtained  from  the  SPCTRM)  to  the  filtered  response,  at  their  corresponding 
component  frequencies.  Each  computed  amplification  ratio  in  the  amplification 
ratio  spectrum  must  be  multiplied  by  a  modification  factor  if  the  input 
motion  time  history  is  not  long  enough  to  allow  sufficient  oscillation. 

Figure  1-28  compares  the  input  sinusoidal  motion  to  the  filtered  response; 
motion.  For  example,  if  the  duration  of  an  actual  time  motion  is  4.75  seconds, 
and  assuming  a  low  frequency  component  occurs  at  0.4Hz,  the  maximum  possible 
number  of  cycles  is  therefore  1.9.  Using  Figure  1-28,  the  filtered  maximum 
response  is  59%  of  the  steady-state  response  for  the  input  motion  of  1.9  cycles. 
Therefore  the  modification  factor  to  the  calculated  amplification  ratio  is  about 

0.6  at  the  frequency  component  of  0.4Hz. 

The  actual  amplification  ratio  spectrum  input  to  WAVSYN/NWVSYU  can  be 
derived  from  an  envelope  of  several  amplification  ratio  spectra  obtained  at 
points  around  the  location  where  the  synthesized  waveform  is  going  to  be 
applied.  The  envelope,  therefore,  represents  a  severe  environment  for  the 
hardware  to  be  analyzed. 
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PROGRAMS 
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USER’S  INSTRUCTIONS 


1.0  INTRODUCTION 

Thirteen  computer  programs  were  developed  to  analyze  Luc  shock  response 
of  a  slioek-isolated  platform.  A  majority  of  these  pi ngrams  were-  developed 
b''  the  Ralph  M.  Parsons  Company,  Los  Angeles,  California,  b.Ticd  ri  tii" 

analytical  approach  discussed  in  Part  I.  Numerous  modifications,  additions, 
and  plotting  packages  were  incorporated  into  these  programs  by  the  Engineering 
Analysis  department  of  the  Sperry  Rand  Corporation,  Space  Support  Division, 
Huntsville,  Alabama.  Many  of  these  modifications  and  additions  were  motivated 
by  the  need  of  improved  program  efficiency,  reduction  of  required  computer  core 
capacity,  and  the  need  to  integrate  all  the  shock  analysis  programs.  Physically, 
these  thirteen  computer  programs  are  integrated  into  two  computer  packages, 

IS1P  (Integrated  Shock  Isolation  Program)  and  ISIP2.  A  few  of  these  thirteen 
programs  may  require  new  input  parameters  to  increase  programs1  efficiancy  or 

flexibility.  However,  the  original  input  format  to  any  of  these  programs  has 
been  carefully  preserved  such  that  an  input  deck  to  any  of  the  previous  Parsons' 
version  can  be  executed  without  difficulty  in  these  integrated  versions. 

IS0LLN  is  the  first  program  of  the  ISIP  series.  Engineering  daLa  of  the 
platform,  dimensions,  configurations,  weights,  platform  design  resonant  frequency, 
and  the  design  critical  damping  ratio,  are  used  to  compute  the  spring/damper 
constants  for  a  level  platform.  WAVSYN  and  NWVSYN  generate  the  acceleration- 
time  forcing  function  from  a  given  shock  spectrum.  NWVSYN  is  an  extensively 
revised  version  of  WAVSYN  with  two  added  features:  (1)  time-delay  feature 
allows  the  phasing  of  the  wave  components  that  make  up  the  synthesized  wave¬ 
form;  and  (2)  an  automatic  feature,  for  data-ad justing,  allows  repeated  iterations 
for  the  waveform  synthesis  process  until  the  synthesized  spectrum  meets  closely 
the  given  input  spectrum  specification.  WAVSYN  is  currently  deleted  and  only 
NWVSYN  is  included  in  ISIP. 

SYNS0L  was  developed  by  Sperry  Rand  to  synchronize  the  output  of  WAVSYN/ 
NWVSYN  to  the  1S0L  input  requirement.  The  process  includes  data-points  limita¬ 
tion,  data-table  arrangement,  conversion  of  units,  and  conversion  of  input - 
output  formats. 

IS0L  computes  the  shock  response  of  a  rigid  platform  due  to  foundation 
motions.  The  main  input  to  1S0L  comes  from  the  computed  results  of  IS0L1N 
and  SYNS0L.  The  time-dependent  responses  of  the  platform's  C.G.,  and  as  many  as 
four  other  points  on  the  platform,  are  computed  and  tabulated  in  an  IS0L  run. 


These  time-dependent  variables  can  be  plotted  by  exercising  the  YUPL0T  sub¬ 
routine  in  the  PLTSUB  program.  Any  of  the  t  ime-acce  1  era  t  i  on  variable  can  !'• 
an.ilv/.ed  and  the  corresponding  shock  spec  tin  plot  led  l>v  the  Sl’(  TKM  pi  -mi . 

The  PLTSUB  program  handles  most  of  the  time-dependent  and  spectrum  plots  from 
IS0L,  as  well  as  from  WAVSYN/NWVSYN,  SYNS0L,  and  Sl’CTRM.  The  PLTSUB  program, 
developed  by  Sperry  Rand,  provides  the  necessary  software  for  plotting  on  Lho 
user’s  SC4020  scope  camera  plotter,  Calcomp  pen  plotter,  or  on-line  printer. 

ISIP  was  developed  by  Sperry  Rand  to  make  shock  analysis  of  a  rigid  plat¬ 
form  a  continuous  process,  with  minimum  input  repetition.  Computer  programs, 
IS0LIN,  SYNS0L,  etc.,  and  two  additional  programs,  FILTER  and  F0URIE,  were 
incorporated  into  ISIP  as  subprograms.  An  overlay  programming  technique  was 
used  to  eliminate  huge  computer  core  requirements.  The  intermediate  results 
from  these  subprograms  are  automatically  stored  and  retrieved  when  needed, 
without  intermediate  card-punches,  as  required  in  the  use  of  individual  sub¬ 
programs.  ISIP  has  been  successfully  run  on  an  UNIVAC-1108  computer  system 
with  a  word-core  space  of  32,000  (decimal),  and  on  a  CDC-6400  computer  system 
with  76,000  (octal)  words.  Six  logical  units  (3,  11,  12,  13,  14,  and  15)  are 
needed  for  an  ISIP  overlay  run. 

To  assist  the  user  of  WAVSYN  and  NWVSYN  in  evaluation  of  amplification 
ratios  for  the  single-degree-of -freedom  approach  to  the  waveform  synthesis 
technique,  two  preliminary  computer  programs,  FILTER  and  F0UR1E,  were  developed 
F0URIE  computes  the  major  frequency  components  of  a  time-motion  function,  to  be 
used  as  the  midband  frequencies  in  the  FILTER  program.  FILTER  computes  the 
filtered  responses  of  the  function  at  the  selected  midband  frequencies.  The 
amplification  ratio  input  to  WAVSYN/NWVSYN  can  be  determined  from  the  ratio  of 
the  response  spectrum  levels  versus  the  filtered  responses  at  the  corresponding 
frequencies.  FILTER  and  F0UR1E,  however,  are  not  included  in  the  process  of  a 
complete  platform  shock  analysis  since  they  serve  only  as  precursors  for  the 
WAVSYN/NWVSYN  programs. 

ISIP2  program,  not  as  sophisticated  as  the  ISIP  and  its  subprograms,  was 
developed  to  solve  the  shock  response  of  a  non-rigid  platform  based  on  the 
finite  element  technique  and  modal  analysis.  ISIP2,  also  an  overlay  computer 
program,  contains  two  subprograms:  (1)  PLTFRM,  developed  by  Sperry  Rand, 
generates  the  flexibility  matrix  of  a  non-rigid  platform;  and  (2)  FV0US, 
developed  by  R.M.  Parsons  Company,  computes  the  shock  response  by  the  modal 
analysis  technique. 
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Part  III  presents  the  complete  listings  of  the  IS1P  (and  its  nine  sub¬ 
programs)  and  ISIP2  (and  its  two  subprograms).  A  user  can  execute,  through 
1SIP,  any  or  all  of  the  subprograms  with  an  option  to  skip  or  terminate  tnc 
computation  process  at  the  end  of  any  subprogram.  Similarly,  a  user  can 
execute  any  or  all  of  the  ISIP2  programs.  The  following  sections  describe, 
in  greater  detail,  the  input  preparation,  program  features,  and  program  limits 
of  each  computer  program. 

In  Part  I,  an  approximation  based  on  engineering  judgement  was  recommended 
to  determine  platform  rigidity.  The  platform  can  be  considered  rigid  if  the 
lowest  natural  frequency  of  the  platform,  in  a  free-free  boundary  condition, 
is  roughly  five  times  the  resonant  frequency  of  the  platform  system.  The  1S0L 
program  Is  valid  only  when  this  rigidity  criteria  is  guaranteed.  1SIP2,  of 
course,  computes  the  resonant  frequencies  of  a  general  platform,  and  computes 
the  shock  response  of  a  linear  shock  isolation  system. 

ISIP  has  been  permanently  cataloged  (1  year  period)  in  the  SAFEGUARD'S 
CDC-6400  computer  system  in  Huntsville,  Alabama,  under  program  title  P8500AD. 

An  ISIP  production  run  setup  is  as  follows: 

P8 500, CM7 7000.  CHAN  12 

B0XC(C0E,ISIP) 

ATTACH (0LDPL ,  P8  500 , PW= AA, BB , ID=CE1CHAN ) 

UPDATE (Q) 

FTN(I=C0MPILE) 

LG0. 

(3 

*IDENT  ISIP11 
* COMPILE  IS1P10 

Q 

(INPUT  DATA  DECK) 

Wher e  !  is  a  7-8-9  multiple  punch,  and  #  is  6-7 -8-9  multiple  punch.  All 
cards  begin  at  column  1. 

1SJP2  is  also  cataloged  under  the  same  program  title  P8500AD.  The  above  1DENT 
COMPILE  cards  should  changed  to  *1DENT  ISIP21  and  *C0MPILE  1S1P20  respectively  for 
the  execution  of  the  TS1P2  computer  program. 
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2 . 0  PROGRAM  TERMINOLOGY 


The  program  names  presented  in  this  manual  conform  to  the  FORTRAN 
name  specification.  Each  name  consists  of  six  alphanumeric  characters,  or 
less,  with  the  first  being  an  alphabetic  character.  However,  all  the  pro¬ 
gram  names  do  have  meanings  and  the  understanding  of  these  name  derivatives 
may  help  future  communication  among  the  users  of  this  manual. 


PROGRAM 

FUNCTION 

1 SOL  IN 

I SOL  INput 

WAVSYN 

WAVeform  SYNthesis  (Deleted) 

NWVSYN 

New  WaVSYN 

SYNS0L 

A  program  between  wavSYN  and  IS0L 

PLTSUB 

PLoT  SUBroutine 

SPCTRM 

SPeCTRuM  analysis 

FILTER 

FILTER  process 

F0URIE 

FOURIEr  spectrum  analysis 

ISIP 

Integrated  Shock  Isolation  Program 

ISIP2 

2nd  program  of  ISIP 

PLTFRM 

PLaTFoRM 

FV0US 

Free  Vibration  Of  Unrestrained  Structures 
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3.0  USER'S  MANUAL  FOR  LS0LLN  PROGRAM 

Program  Features.  The  IS0LIN  program,  developed  to  relieve  the  design  engineer 
from  tedious  work  in  input  data  preparation  for  the  1S0L  computer  program,  has 
the  following  main  features: 

a.  Units  in  inch  (in.),  second  (sec.)  pound  (lb.)  and  Hertz  (hz). 

b.  Spring/damper  constants  are  computed  for  the  static  equilibrium 
condition  of  a  level  platform. 

c.  Selection  of  four  points  of  interest  on  the  platform. 

d.  Computation  of  a  single  equivalent  weight,  its  C.G.,  mass  moment 
of  inertia,  and  isolator  centroid. 

e.  Computation  of  shifted  C.G.  location  and  mass  moment  at  inertia 
where  arbitrary  shifting  of  equipment  weight  (further  away  from 
system  isolator  centroid)  is  desired. 

f.  Estimation  of  system  frequencies. 

g.  Multiple  problems  can  be  solved  with  one  run  setup. 

Program  Limits. 

Maximum  number  of  masses  50 

Maximum  number  of  isolators  (spring/damper)  50 

The  limits  can  be  expanded  by  changing  the  program  dimensions  as  long  as 
they  do  not  exceed  the  capacity  of  the  computer  core.  A  platform  with  three 
isolators  is  not  eligible.  Vertical  isoltors  onlv  are  evaluated  in  !Sf)LlN. 

Platform  Design  Considerations.  A  few  design  considerations,  from  an  engineer's 
view,  must  be  recognized  for  practical  reasons  and  for  convenience. 

a.  A  right-handed  Cartesian  coordinate  system  is  used.  For  convenience, 
align  the  X-axis  along  the  bottom  surface  of  the  platform,  from  lei  l; 
to  right.  Z-axis  is  in  the  vertical  direction  (up),  and  Y-axis 
perpendicular  to  the  X-Z  plane. 

b.  Some  of  the  computed  resonant  frequencies  may  not  exist  in  the  real 
situation,  such  as  the  uncoupled  modes  in  a  complicated  structural 
system.  Some  of  these  fre  iu.-nci.es  have  been  replaced  by  zeros  in 
certain  configurations,  sv.cn  as  the  pendulum  frequencies  in  an  under¬ 
floor  mount,  shock  isolate  system.  However,  these  frequencies  are 
computed  in  TS0L.IM  for  design  consideration  purposes. 
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c.  Simple  first  approximation  equations  are  used  in  the  solution  of 

resonant  frequencies  of  a  platform  system.  For  example,  a  compound 
pend  ill  uni  frequency  equation  Is  used  in  the  IS0LIM  program  lor  (die 
peinl  u  1  uiu  Lype  isolation  syslem  IIH I  ng  I  lie  J  Irsl  isol.il  ion  lenr.ln,  I., 
as  Lhe  pendulum  height.  The  frequency  equation  is  as  follows: 


f 

n 


27  <1H'V 


1/2 


where  U  =  total  weight  of  pendulum 

I  =  moment  of  inertia  about  axis  of  support 
o 

Conversely,  the  frequency  based  on  a  simple  pendulum, 

f„  •  27^ 

could  give  a  more  realistic  value  in  certain  configurations. 

d.  Estimations  of  the  mass  moments  of  inertia  of  the  equipment  and 
platform  weights  are  as  follows: 

mass  moment  of  inertia  =  W(A2  +  B2)/12g 

For  the  moment  about  XX  axis,  A  =  Depth,  B=  Weight 

For  the  moment  about  'i'i  axis,  A  =  Width,  B  =  Height 

For  the  moment  about  ZZ  axis,  A  =  Width,  B  =  Depth 

g  =  386.4 

Since  the  mass  moment  of  inertia  equation  is  for  a  solid  rectangular 
weight,  the  effective  depth,  width,  and  height  should  be  used  for 
most  equipment  mounted  on  the  platform.  Errors  in  these  dimensions 
may  result  in  huge  moments  of  inertia,  and  therefore  erratic  frequency 
coi.iput ations  and  an  erratic  end  result. 

e.  To  minimize  possible  error;  in  estimations  of  tne  mass  moments  of  inertia, 

and  to  pro /ide  easy  input  preparation,  a  user  may  input  the  nominal  dimensions 
of  the  equipment  (not  the  platform)  and  use  the  N04  parameter  in  input  group 
3  for  obtaining  the  effective  depth,  width,  and  height  for  the  mass  motion 
of  inertia  computation. 


Figuie  2-1  gives  the  flow  chart  of  the  IS0LIN  computer  program. 


IStfLIN 


ISQLIN  Input  Instructions.  There  are  seven  groups  of  input  data  as  follows: 

a.  Project  title  or  identification. 

b.  Number  of  masses  and  isolators  associated  with  the  platform. 

c.  Inertia  data  and  coordinates. 

d.  Mass  moments  of  Inertia. 

e.  Isolator  coordinates. 

f.  Engineering  design  parameter  of  the  platform. 

g.  Blank  cards  signaling  end  of  run. 

A  detailed  explanation  of  each  group  follows: 

Group  1  -  Program  title 
Number  of  cards  =  1. 

1234567 89 1)1234 567 89 3)1234567 89301234 587 89401234567 895012345  6789601234567  893)12  34667898D 
TITLF.(I),  1  -  l,  12  (12A6)  BLANK 


Any  alpha-numeric  data  can  be  inputed  in  columns  1  through  72  on  this  card. 


Group  2  -  Control  indices 


Number  of  cards  =  1. 


234567893012345678940  234#6789®l2345678990l23456789TDl2345fl78980 


-  Number  of  weights  including  the  platform. 

-  Number  of  isolators  supporting  platform. 

-  Punch  card  control.  No  punch  if  N0  1  =  -1;  platform  properties  and 
an  equivalent  total  weight  are  punched  if  NO  1  =  0;  all  component 
weights  and  platform  properties  are  punched  if  N®  1  =  1. 

-  Isolator  design  control  index. 

Nt>2  «  0  for  isolator  attachment  position  platform  at  same  level 
(height)  as  system  C.G. 

“  1  for  isolator  and  moment  points  on  platform  surface. 

(Top  surface  for  pendulum  configuration  and  bottom  surface 
for  underflow  mount  configuration.) 

■  -1  for  rolling  ball  configuration  isolators. 


2-10 


N03  -  Moment  of  inertia  input  control. 

NC3  +  0,  momenta  of  inertia  are  read  in  from  cards. 

*  0,  momenta  of  inertia  are  computed  internally. 

N04  -  An  effective  width,  depth,  and  height  adjustment  parameter. 

Nf)4  -  M  (integer),  the  width,  depth,  and  height  dimensions  of 
group  3  input,  with  exception  of  the  first  weight,  are 
adjusted  automatically  by  JoS*’ 

“  100  if  no  input  value  is  given. 

Group  3  -  Inertia  data,  coordinates,  and  dimensions  (Right  handed  coordinate 
system  with  Z  positive  up) 

Number  of  cards  ■  NM. 


1334567 89 1 

1234567 89Z 

1234567 MX 

BUSES 

12346678990 

>2345678960 

buses: 

1234567  8980 

W(I) 
(HO. 2) 

X(I) 

<no.2) 

YU) 
(V10. I) 

3(1) 

(no.  2) 

V1DU) 

(FIO.2) 

DKFU) 

(910.2) 

HIU) 

(910.2) 

BLANK 

W  (1)  -  weight  of  point  mass  (lb).  The  first  weight  is  always  that  of  the 
platform. 

X  (I)  -  X  coordinate  of  the  weight  with  respect  to  building  -  fixed  coordinate 
system  (in.).  (Positive  X  axis  is  parallel  to  the  longer  edge  of  the 
platform. ) 

Y  (1)  -  Y  coordinate  of  the  weight  with  respect  to  building  -  fixed  coordinate 
system  (in.). 

Z  (I)  -  Z  coordinate  of  the  weight  with  respect  to  building  -  fixed  coordinate 
system  (in.). 

WID  (l)  -  Width  (along  X  axis)  of  point  weight  (in.). 

DEP  (1)  -  Depth  (along  Y  axis)  of  point  weight  (in.). 

HI  (I)  -  Height  (along  Z  axis)  of  point  weight  (in.). 

Group  4  -  Mass  moments  of  inertia 

Number  of  cards  -  NM.  If  »3  -  0,  oait  this  group. 


123456789): 

I23456769Z 

12345678930 

1234547894912345678901234567894)1334567697012345678980 

XX(J) 

(910.2) 

YtU) 

(910.2) 

ZZ(J) 

(910.2) 

BLANK 

Where  J  *  1,  NM 
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XX  (J)  -  Mass  moment  of  inertia  of  J-th  weight,  about  XX  axl6  ( lb-6ec2-in> . 

YY  (J)  -  Mass  moment  of  inertia  of  J-th  weight,  about  YY  axis  (lb-sec2-in). 

ZZ  (J)  -  Mass  moment  of  inertia  of  J-th  weight,  about  ZZ  axis  (lb-sec2-in) , 

Group  5  -  Coordinates  of  spring/damper  element  attachment  points 
Number  of  cards  *  Nl. 


1234 967 89 10 

1234567892) 

12346078990 

1234567894012345678950123450789601234567887012345678880 

XI(I) 
(F10. 2) 

U(I) 
(FXO. 2) 

ALB(I) 

(FiO.2) 

BUNK 

Where  I  =  1,  Nl 


XI  (1)  -  X  coordinate  of  attachment  point  on  platform  (in.). 

YI  (I)  -  Y  coordinate  of  attachment  point  on  platform  (in.). 

ALB  (I)  -  Ground  attachment  point  adjustment  (in.).  Point  is  raised  if 
ALB (I)  is  positive,  and  lowered  if  negative. 

gE.9u.P  j>  *  Platform  engineering  data  (Positive  X  axis  is  parallel  to  the 
longer  edge  of  the  platform) 

Number  of  cards  =  2. 


12345678911 

1234567 8830 

12345678950 

12345678960 

! Earn 

12345678980 

FREQ 

(F10.2) 

DELZ 

(Fj.0,2) 

RATOL 

(F10.2) 

STIFF 
(F10. 2) 

XJ 

(F10.2) 

EEIA 

(F10.2) 

FRICP 

(F10.2) 

RADP 

(F10.2) 

12345678911 

1234507892) 

12345378930 

1234567804012345678930123456789601234567897012345678980 

OCX 

(F10.2) 

DCY 

(FlO. 2) 

DGZ 

(FlO. 2) 

BLANK 

FREQ 

DELZ 

RAT0L 

STIFF 


Vertical  design  frequency  of  the  shock-isolated  platform. 

Vertical  dimension  from  platform  bottom  surface  to  isolator 
pivot  point  on  ceiling  or  floor,  at  equilibrium  condition. 

Isolator  spring  rate  tolerance,  a  fractional  number. 

Platform's  area  moment  of  inertia  about  Y  axis  (through  platform 
C.G. )  (in4). 
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XJ  -  Platform's  torsional  stiffness  around  X  axis  (in  ).  (Same  as 
area  moment  of  inertia  about  X  axis  in  this  program.) 

ZETA  -  Isolator  damping  constant,  as  fraction  of  critical  damping. 

DGX,DGY,  DGZ  -  Mass  C.G.  location  shift  in  the  directions  away  from  the 
isolator  centroid  (fractional  numbers,  eg.,  0.05  for  5Z  shift). 

RADP  -  Spherical  plate  radius  in  rolling  ball  isolator  configuration  (in.). 

FR1CP  -  Rolling  friction  coefficient,  between  plate  and  ball  in  rolling 
ball  isolator. 

Group  7  -  Blank  cards 

Number  of  cards  =  2. 

Repeat  groups  1  through  6  as  many  times  as  there  are  problems,  then 
group  7  follows,  which  will  signal  a  normal  job  termination. 

Message  of  1S0LIN.  A  warning  message  is  printed  out  if  the  first  weight 
input  (weight  of  the  platform)  is  not  the  heaviest.  Possible  analytical 
error  may  result  from  misplacing  the  platform  weight. 

1S0LIN  Output.  The  output  of  IS0L1N  begins,  for  each  problem,  begins  with  the 
project  title  and  is  followed  by  the  plan  view  and  the  front  view  of  a  typi¬ 
cal  platform,  control  indices  and  two  tables.  The  first  table  lists  the 
individual  input  weight,  C.G.  location,  width,  depth  and  height,  and  the 
computed  mass  moments  of  inertia.  Hie  second  table  lists  the  X  and  Y 
coordinates,  the  computed  load  value,  spring  rate,  and  the  initial  un6tretched 
length  (both  nominal  and  adjusted  values  using  manufacturer's  tolerances), 
and  the  damping  constant  for  each  isolator.  The  last  entries  in  this  table, 
SIGNX  and  SIGNY,  indicate  the  isolator  position  with  respect  to  the  C.G. 
location.  The  remainder  of  the  output  is  in  the  following  order: 

•  Equivalent  total  system  weight,  the  maximum  value  (102%  of 
platform  weight  +110%  of  total  equipment  weight)  and  the  minimum 
value  (98%  of  platform  +907.  of  equipment)  of  this  equivalent  weight. 

•  The  nine  parameters  (design  frequency,  f loor/ceiling  height, 
etc.)  of  group  6  input. 

•  The  system  C.G.  coordinates  (nominal  and  adjusted),  the 
isolator  centroid  coordinates,  and  the  offset  of  this 
centroid  from  the  system  C.G 
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•  The  computed  mass  moments  of  inertia  and  the  system  frequencies. 

•  A  list  of  the  punch  output  to  be  used  for  1S0L  program. 

This  list  contains: 

1.  Project  title  (group  1  of  1S0L  input) 

2.  System  weight,  C.G.  location  and  mass  moment  of 
inertia,  (group  .3  of  the  1S0L  input) 

i.  Isolator  coordinates  (group  4  of  IS0L  input) 

4.  Coordinates  of  four  computed  points  of  interest 
(group  7  of  1S0L  input) 

5.  Isolator  constants,  (group  8  of  1S0L  input) 

Program  Initialization,  To  execute  IS0LIN  by  itself,  an  input  card  with  an 
integer  1  in  column  8  is  needed  before  group  1  input.  This  program  initialization 
is  described  in  Program  ISIP. 
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4.0  USER'S  MANUAL  FOR  WAVSYN  PROGRAM 

I'i  ogi  mil  Features.  WAVSYN  was  developed  Lo  synthesize  (lie  auclcuil  i<m  i  . - 

history  to  maLch  a  given  shock  spectrum.  The  Lime-dependent  history  can 
be  used  as  the  forcing  function  in  any  transient  response  base  excitation 
program,  such  as  1S0L.  A  waveform  synthesis  technique  of  super- imposi ng 
a  series  of  sinusoidal  components  with  an  odd  number  of  half-cycle  oscillations 
is  employed.  A  good  match  of  up  to  15  points  between  the  spectrum  of  the 
synthesized  waveform  and  the  given  spectrum,  within  a  certain  number  of  convergent 
iterations,  terminates  the  waveform  synthesizing  process.  The  time-dependent 
history  is  then  printed  out,  and  punched  out  on  cards,  if  requested.  The 
complete  spectrum  of  the  synthesized  waveform  is  then  computed,  printed,  and 
plotted.  A  plot  of  the  calculated  spectrum  and  the  original  spectrum  input 
data  is  made  using  the  on-line  printer,  thus  providing  an  immediate  diagnosis 
of  the  performance  of  WAVSYN.  Provisions  included  in  WAVSYN  allow  the 
user  to  follow  the  convergency  process  for  further  input  deck  improveme.it. 

If  the  maximum  number  of  iterations  is  altered  (other  than  10),  the  shock 
spectrum  of  the  synthesized  waveform  is  plotted,  disregarding  the  fact 
that  convergence  of  the  match  points  on  the  spectra  has  not  been  obtained 
with  the  maximum  iteration  limit.  A  sample  of  a  shock  spectrum  plot,  with 
explanations,  is  shown  in  Figure  2-4. 

Program  Limits.  This  version  of  WAVSYN  has  the  following  limits: 


Match  points  on  given  spectrm 

(=  number  of  assumed  functions)  15 

Unknown  coefficients  15 

Number  of  half-cycle  oscillations  3  to  11 

Points  on  time  table  and  amplitude  table  2700 

Maximum  number  of  convergent  iterations  10 


Program  Deletion.  This  version  of  WAVSYN  has  been  deleted  in  this  manual. 
Ihe  user  is  urged  to  use  NWVSYN  instead. 
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5.0  USER'S  MANUAL  FOR  NWVSYN  PROGRAM 

Program  Feature.  NWVSYN  was  developed  to  aid  the  WAVSYN  user  when  the  spectrum 
of  the  synthesized  waveform  differs  considerably  from  the  desired  spectrum  in 
the  intermediate  regions  between  the  selected  frequency  points.  NWVSYN  offers 
a  manual  and  an  automatic  method  of  waveform  synthesis.  A  time-delay  featuro 
is  also  offered,  in  both  manual  and  automatic  methods,  to  allow  phasing  of  the 
component  waves  which  make  up  the  synthesized  waveform.  The  manual  method  is 
similar  to  WAVSYN  except  for  the  added  time-delay  feature  and  the  removal  of  the 
assumed  and  trial  coefficients  input.  The  automatic  method  eliminates  much  of 
the  initial  guess  work  required  by  the  user  to  obtain  an  acceptable  waveform 
whose  spectrum  matches  the  given  spectrum  within  a  certain  tolerance  unit. 

An  amplification  ratio  spectrum  must  be  defined  in  the  input  preparation  for 
the  automatic  method,  in  addition  to  the  "regular"  input  data  required  by  the 
manual  method  or  the  WAVSYN  program.  This  amplification  ratio  spectrum  will 
allow  the  program  (automatic  method)  to  shift  the  selected  frequencies  to  ob¬ 
tain  a  better  synthesized  waveform. 

Two  amplification  ratio  spectra,  based  on  the  outrunning  ground  motions  defined 
by  SAFEGUARD  nuclear  effect  studies,  are  programmed  into  NWVSYN  as  an  option 
(see  index  NAR  in  group  4  input).  A  time  delay  model  of  1.75  seconds  for  fre¬ 
quencies  above  15  Hz  is  also  programmed  into  NWVSYN  as  a  time-delay  option 
(bee  index  NTD  in  group  4  input).  Both  the  amplification  ratio  spectra  and  the 
time-delay  model  are  shown  in  figure  2-2.  A  third  option,  spectrctrum  tolerance 
limit,  is  also  available  (see  index  1TLC  in  group  4  input). 

An  iteration  limit  of  10,  for  convergence  at  the  selected  frequency  points,  is 
present  in  both  the  manual  and  the  automatic  methods  as  in  the  case  of  WAVSYN. 

In  the  automatic  method,  a  limit  of  4  frequency  shifts,  based  on  a  semi-empierical 
approach,  is  allowed  in  order  to  match  the  computed  spectrum  with  the  given  shock 
spectrum  within  the  input  tolerance  limits. .  The  complete  synthesized  waveform 
is  computed  and  its  spectrum  plotted  only  when  the  above  limits  are  not  exceeded. 

Figure  2-3  shows  the  flow  chart  of  NWVSYN  computer  program. 

Program  Limits. 

Maximum  number  of  selected  frequency  points  on  the  spectrum  25 

Maximum  number  of  points  on  time  table  and  motion  table  3,000 
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FIGURE  2-2  PROGRAMMED  AMPLIFICATION  RATIO  SPECTRA 
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FIGURE  2-3  FLOW  CHART  FOR  NWVSYN 
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Maximum  data  points  to  define  a  response  spectrum 

l an 1 1 to a  tic  me  t  hod  )  /  > 

Maximum  data  points  to  define  an  amplification  ratio 

spectrum  (automatic  method1  25 

Maximum  data  points  to  define  time  delay  versus  system 

frequency  function  (automatic  method)  25 

Maximum  number  of  half-cycLe  oscillations  19 

Minimum  number  of  half-cycle  oscillations  2 


NMVSY’N  Input  Instructions.  Input  data  to  the  NWVSYN  program  are  divided 

into  16  groups.  Group  1  thru  group  3  are  used  to  identify  the  problem 
and  to  select  the  program  options.  Group  k  thru  group  11  define  the  ir.put 
data  for  the  automatic  method.  Group  12  thru  group  16  are  the  input  data 
for  the  manual  method. 

Group  1  -  Program  control 

Number  of  cards  =  1 . 


12345 

57  89 1)  1 234567  8923 123456789331234567  8940123456789301234567  89601234567  8979 1234567  8980 

ND 

(15) 

BLANK 

ND  -  Number  of  problems  for  one  run. 

This  group  is  used  only  for  the  first  problem. 
Group  2  -  TITLE 

Number  of  cards  =  1. 


1234567891)1234567892)1234567  89331234567894012345678950123456789931234567897312 

34567898D 

TITLE(K),  K  -  1,  12  (12A6) 

BLANK 

TITLE  -  Problem  title 
Group  3  -  Program  option 
Number  of  cards  =  1  . 


1 _  _ 

123456789  til  234  5 
— 1 _ 1 _ 

6789JH234567B93)  1234  567894)1  21456789511  234  567HO«U234i(;,/847>  123456789(0 

K0P 

(15) 

NtfsHFT 

(15) 

fWIT 

(15) 

BLANK 

- 1 
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K(^|>  -  Method  option  coniiol:  =  2,  for  automatic  met  hod;  =  1,  f«>'  manual. 

N(/t;  lll'i  -  No.  of  i  reriufiiu  v  shifting  control  (K(^})=2  only):  -  4  If  not  spec  ified. 
NVIi  -  iin.  of  itoi  atlon  coritiol:  *  10  If  not  spec  Hied. 


Group  4  -  Control  Indices  for  automatic  method.  (Omit  this  group  through 
group  11  if  K0P  “l.) 

Number  of  cards  =  1. 


1  _ 

1234S 

1789D 

12349 

37891 

1234*  67881 

13346678840125466789891234587886012545678970123496789© 

NS 

115) 

NAS 

(15) 

NTD 

(15) 

IIP 

(15) 

ms T  ITLC 
(15) i  (15) 

BLANK 

. . .  1  ■  — 

NS  -  Number  of  data  points  to  define  a  given  response  spectrum. 

NAR  -  Number  of  date  points  to  define  a  given  amplification  ratio  spectrum  > 


NAR  »-l  for  Type  1  ground  motion. 
NAR  ■  >2  for  Type  11  ground  motion. 


} 


See  Figure  2-2. 


NTD  -  Number  of  data  points  to  define  a  given  time  delay  versus  system 
frequency  function. 


NTD  < 0  for  a  1.75  eec  time  delay  model.  See  Figure  2-2. 


IIP  -  Card  punch  out  control: 


MPL0T 


1TLC 


IIP  *  0,  No  punch  out. 

=  1,  Punch  acceleration. 

■  2,  Punch  velocity. 

■  3.  Punch  displacement. 

■  - 1 ,  Punch  acceleration,  velocity  and  displacement. 

■  4,  an  equivalent  manual  Input  data  deck,  which  would  produce 

the  same  final  raault  in  an  autosutic  run,  will  be  punched 
out  for  later  use. 


Plot  control : 

NPL#T  =  0,  No  plot. 

=  1,  Plot  acceleration, 

=*  2,  Plot  velocity. 

*  3,  Plot  displacement. 


(For  choice  of  plotters,  SC4020, 
CALCOMP,  or  on-line  printer,  see 
input  parameter  1PLT  of  IS1P) 


A  standard  tolerance  limit  to  ba  used  Instead  of  group  2  Input. 
If  ITLC  ■  0,  1TLC  la  automatically  eat  to  25. 


or 
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Group  :>  -  Selectee!  f  1  eq: n-m  i cs  ttt  the  given  spectrum 
Number  of  cards  -  (NS  +  71/s 


123456789D 

12345678923 

I234567893cjt234567894o|l2345678950 

12345678900 

12345678970 

123456789® 

I  I 

WS(1),  1  -  1,  NS  (8FI0.3) 

_ 1 _ 1 _ 

WS  -  Selected  system  frequency  points  on  the  requited  1  i-.sputiM-  p.-iti.  its ,  hr. 
Group  b  -  .Amplitude  of  the  given  spectrum 
Number  of  cards  <  NS  7  1/8. 


12345678910 

12345678920 

1234567  8930 1234567  894Cil2345  67  8950 

12345678960 

12345678970 

123456789® 

_ 

1  1 

XS(I),  I  -  1,  NS  (8F10.3) 

_ 1 _ 1 _ 

XS  -  Amplitude,  for  the  required  response  spectrum.  positive  XS  denotes 
acceleration  in  g's,  and  negative  XS  denotes  positive  displacement, 
in  inches. 

croup  7  -  frequencies  of  the  amplification  ratio  spectrum.  This  group  and 
next  are  omitted  if  NAR < 0 

Number  of  cards  =  (NAR  +  7)/8- 


12345678911 

12345678920 

123456789S 

1234  567894C 

12345678950 

123456789® 

123456789® 

— 

WAR  ( l ) ,  I 

_ 

«  1,  NAR  ( 

_ 

■ 

WAR  -  Frequency,  for  the  required  amplification  ratio  spectrum,  Hz. 
Group  o  -  Amplitude  of  the  amplification  ratio  spectrum 
Number  of  cards  =  (NAR  +  7>/8. 


L  _ _ _ 

1234547  89D 

1234567  892)tl2345678930 

123456  7  89'tcjl  23  4  5  6  7  8  939^  23456789® 

12345678970(123-;.  t 

1 

!  t 

AR(I),  1  - 

1  '  T . .  '  1  H 

1,  NAR  HF10.3) 

ompl  i  ftcar  ,  .  .  •  >  t.u  the  .  ■  •  •'<’  an.  pi  i  f  ic  .to 
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Group  9  -  Frequencies  of  the  time-delay  function.  This  group  and  next  are 
omitted  if  NTD^O. 

Number  of  cards  =  (NTD  +  7)/8. 


1234867890 

1234507 8920(l234567 8930^23466?  894^1234867 8900 

12348678960 

123456789® 

WTD  -  Frequency  data,  for  the  time-delay  versus  system  frequency  function,  Hz. 

Group  10  -  Time  delay 

Number  of  cards  =  (NTD  +  7)/8. 


1234567891) 

1234567 89Z)|l234S87893o|l234S67  89c|l234567  8960 

1234567898 

123456789® 

TD  -  Time  delay  for  the  time-delay  versus  system-frequency  function,  sec. 
Group  11  -  Allowable  tolerance.  This  group  is  omitted  if  NAR <  0. 

Number  of  cards  =  (NS  +  6)/8. 


1234867890 

1234567 8920^234867 8930^234867 896^234567 8980 

234667898 

12345678970 

123456789® 

TLC  -  Response  tolerance  at  regions  between  selected  frequencies,  percent. 

All  TLC(I)  are  set  equal  to  ITLC  of  group  4  if  NAR<0. 

Group  12  -  Control  indices  for  manual  method  (Omit  this  group  thru  group  16  if  K0P=2) 
Number  of  cards  =  l. 


I 

1 

B789ljl2345| 

17 89X123456789X12 34567894DLS34 867 8910123456769® 1234567 8970 123456789® 

|M 

(15) 

IIP  NPL9t' 
(I5)|  (I5)| 

BUNK 

'  - - - - 1 

Number  of  selected  frequency  points  on  the  given  response  spectrum. 


IIP  -  See  group  4. 
NPL0T  -  See  group  4. 
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Group  L3  -  Selected  frequencies  of  a  given  spectrum 
Number  of  cards  =  (M  +  7)/8, 


12345678910 

1234567898) 

W  -  Selected  system  frequency  points  on  the  given  response  spectrum,  Hz. 
Group  14  -  Number  of  half-cycle  oscillations 
Number  of  cards  =  (M  +  7)/8. 


1234567  99 1) 

12345678960 

252EE 

5BB 

YCLE  -  Number  of  half-cycle  oscillations  corresponding  to  the  selected 
system  frequency  points. 

Group  15  -  Amplitude  of  the  given  spectrum 

Number  of  cards  =  (M  +  7)/8. 


123456789b 

12345678920 

12345678930^234567 8940^234567 8950 

12345678960 

12345678970 

12345678980 

.  . 

1  7 

X(l),  I  •>  1,  M  (8F10.3) 

_ 1 _ 1 _ 

X  -  Amplitude  corresponding  to  the  selected  system  frequency  points.  Positive 
X  denotes  acceleration  in  g's,  and  negative  X  denotes  positive  displacement 
in  inches . 

Group  16  -  Time  delay 
Number  of  cards  =  (M  +  7)/8. 


1234567891) 

12345678920 

12345678930^234567  8940^234567  8950 12345678960 

1234567  8970 

12345678980 

DELAY  -  Time  delays  corresponding  to  the  selected  system  frequency  points,  sec. 


2-23 


NWV 


NWVSYN  Program  Output  Data  Format.  Output  data  of  the  NWVSYN  program  can 
be  divided  into  three  basic  groups.  In  the  manual  method,  the  first  basic 
group  consists  of  a  printout  of  the  input  data  including  the  number  oi  sysiein 
frequency  points  selected  on  the  response  spectrum,  the  selected  frequency 
points  and  the  corresponding  amplitudes,  time  delays,  and  the  number  of  half- 
cycle  oscillations.  For  each  selected  system  frequency  point,  the  frequency 
and  time  duration  of  the  synthesized  waveform  component  and  the  time  duration 
used  in  establishing  the  time  table  are  also  shown. 

Since  different  input  data  are  required  in  the  automatic  method,  the  infor¬ 
mation  first  shown  consists  of  data  defining  the  required  response  spectrum, 
amplification  ratio  spectrum,  time-delay  versus  system-frequency  point 
function,  and  response  tolerance.  Then,  data  similar  to  the  first  basic 
group  in  the  manual  method  are  generated  by  the  program  and  printed. 

The  second  basic  group  consists  of  data  generated  at  the  end  of  the  iteration 
process  and  includes  the  response  spectrum  of  the  synthesized  waveform  in 
terms  of  either  maximum  displacement  or  maximum  acceleration  response  at 
the  selected  system  frequency  points,  and  the  intermediate  frequency  points. 
Results  of  comparison  of  the  response  spectrum  generated  by  the  synthesized 
waveform  and  the  required  response  spectrum  are  shown  as  a  percentage  of 
maximum  deviation  at  various  frequency  points.  In  the  automatic  method, 
the  first  basic  group  thru  the  third  basic  group  are  repeated  for  each  shift 
of  the  system  frequency  point  ratio. 

The  third  group  of  output  data  is  generated  only  at  the  end  of  a  successful 
run.  In  this  group,  time-motion  histories  of  the  synthesized  waveform  are 
presented  in  terms  of  acceleration,  velocity,  and  displacement.  The  spectrum 
of  the  synthesized  waveform  is  plotted  on  a  line-printer.  Various  combinations 
of  time-motion  histories  can  be  plotted  and/or  punched  on  cards  as  controlled 
by  the  index  IIP  and  NPL0T.  Formats  for  the  variables  punched  on  cards  are 
as  follows: 


Time  (Sec)  9E8.2 

Acceleration  (g)  9E8.2 

Time  (Sec)  7F10.4 

Velocity  (in. /sec)  7F10.4 

Time  (Sec)  7F10.4 

Displacement  (in.)  7FI0.4 


A  sample  of  a  shock  spectrum  plot,  with  explanation,  is  shown  in  Figure  2-4. 
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FIGURE  2-4  .  A  TYPICAL  WAVSYN  SPECTRUM,  PLOTTED  BY  AN  ON-LINE  PRINTER 
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Program  Initialization:  To  execute  NWVSYN  by  itself,  an  input  card  with  an 
integer  2  in  column  8  is  needed  before  group  1  input.  If  an  integer  9  is 
punched  instead  of  2,  program  SYNS0L  will  be  executed  automatically  after  the 
completion  of  a  NWVSYN  run.  This  program  option  initialization  is  described 
in  Program  IS1P.  If  option  10  is  punched  (columns  7  and  8),  the  ou'put  of 
a  NWVSYN-SYNS0L  run  will  be  printed  and/or  punched  according  to  NASTRAN  input 
format  specification.  (NASTRAN  is  a  general  finite  element  structural  analysis 
computer  program  developed  by  the  National  Aeronautics  and  Space  Administration, 
NASA) . 

The  input  deck  for  a  NWVSYN  under  options  9  or  10,  is  limited  to  one  horizontal 
and  one  vertical  spectra.  The  output  will  consists  of  three  time -hi stories 
about  X,  Y  and  Z  axis,  where  X  and  Y  are  horizontal,  and  Z  is  the  vertical  case. 
All  three  are  synchronized  to  one  common  time  base. 


SYNS0L 


6.0  USER'S  MANUAL  FOR  SYNS0L  PROGRAM 

Program  Feature.  This  program  was  developed  as  an  Interfacing  program  to  be 
used  between  WAVSYN/NWVSYN  and  1S0L.  The  acceleration- time  histories  of  the 
synthesized  waveforms  from  WAVSYN/NWVSYN  are  synchronized  to  a  common  time 
base,  and  the  output  tables  are  reduced,  if  necessary,  to  500  data  points  each 
as  required  by  I90L  program.  The  dimensions  of  the  modified  waveforms  are 
also  made  compatible  with  1S0L.  The  flexibility  of  this  program  makea 
it  suitable  for  general  data  manipulation.  The  program  has  the  following 
main  features: 

a.  Synchronization  of  tables  (of  two  variables)  to  a  common  Independent 
variable  base. 

b.  Reduction  of  the  tables  to  a  specified  number  of  data  points. 

c.  Output  unit  conversion. 

d.  Duplication  of  any  table  upon  request. 

e.  Flexible  punch  format  to  insure  significant  digits  are  punched 
in  cards. 

f.  A  high  order  polynomial  curve  fitting  method  la  used  in  data 
interpolation. 

g.  Output  table  can  be  arbitrarily  multiplied  by  a  constant  factor. 

h.  Output  tables  are  labeled  and  numbered  for  easy  identification. 

Figure  2-5  shows  the  flow  chart  of  SYNS0L  computer  program. 


Program  Limits 

Output  table  length 
First  input  table  length 
Other  input  table  lengths 
Number  of  input  tables 


1990  data  points  or  less 

1990  if  time  duration  of  first  set  is  longest 
2000  data  points 
U  sets 


The  limits  can  be  easily  changed  to  a  larger  or  small  number  by  changing 
the  program  dimensions,  as  long  as  they  do  sot  exceed  the  capacity  of  the 
computer  core. 


SYNS0L 


Figure  2-5.  Flow  Chart  of  SYNS0L  Program 
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SYKSflL  Incut  Instructions,  There  are  three  groups  of  input  data  as  follows: 

a.  Control  indices. 

b.  Table  constants. 

c.  Table  inputs. 

Group  1  -  Program  controls 
Number  of  cards  =  1. 


12346678911 

12345678930 

12345678930 

12345676950123456789601234567897012345678980 

IIP 

(110) 

IGV 

(110) 

NST 

(110) 

MAXPTS 

(15) 

BLANK 

IIP  -  Punch  option;  IIP  =  0  for  no  punch  and  IIP  =  1  for  punch  output  tables. 
IGV  -  Output  unit  control: 

1GV  =  0,  output  unit  same  as  input 

IGV  =  1,  output  unit  is  devided  by  g,  386.4 

IGV  =  2,  output  unit  is  multiplied  by  g. 

MAXPTS  -  No.  of  output  data  points  control 

MAXPTS  =  M,  M  data  points  are  generated 

*  0,  or  blank.  500  points  are  generated. 

NST  -  Number  of  table  sets  to  be  processed.  Maximum  value  of  NST  is  4. 

Group  2  -  Table  controls 

Number  of  cards  =  NST. 


1234567891) 

12345678930 

12345678930 

1234567894012345678950123456789601234567897012345678980 

NPT(J) 

(110) 

TM(J) 
(FIO. 4) 

FACTOR (J) 
(F10. 4) 

BLANK 

NPT(J)  -  Number  of  data  points  in  J-th  table.  The  previous  table  will 
be  printed  and  punched  out  if  NPT(J)  =  0. 

TM(J)  -  Time  duration  of  the  J-th  table.  (last  value  of  the  independent 

variable  in  J-th  table) 


FACT0RC J) 


Multiplication  constant  to  be  applied  to  the  modified  table. 
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Group  3.  Time  and  time  dependent  tables  are  as  follows: 


a.  Two  blank  cards. 

b.  One  identification  card  in  12A6  format. 

c.  One  blank  card, 

d.  Independent  variable  table  (Time  table).  Number  of  cards  =  NPT(J)/‘>. 


T(I)  -  Independent  variable,  such  as  time  (sec) 

e.  Two  blank  cards. 

f.  One  identification  card  in  12A6  format. 

g.  One  blank  card. 

h.  Dependent  variable  table  (acceleration  table),  number  of  cards  =  KPT(J)/9. 


2 

YY(1)  -  Dependent  variable,  such  as  acceleration  (in/sec  ). 


Groups  2  and  3  are  repeated  NST  times.  Complete  Group  3  is  obtainable  from 
WAVSYN / NWVSYN . 


SYNS0L  flutnut.  Groups  1  and  2  input  data  are  printed  in  a  simplified  format. 

Group  3  input  data  are  not  printed.  All  of  the  output  data  have  self-explanatory 
headings.  Lables  and  sequential  numbering  are  added  to  the  printout  tables  and 
punched  cards  for  easy  identification.  The  punch  and  print  formats  are  automatically 

adjusted  depending  on  the  actual  output  values  and  the  unit  selected  to  insure 
significant  numbers  of  digits  are  printed  and  punched  in  all  cases.  Subroutine 
WVTRAN  is  added  to  SYNS0L  for  the  SYNS0L  output  suitable  for  NASTRAN  program. 


Program  Initilization.  To  execute  SYNS0L  by  itself,  an  input  card  with  an 
integer  3  in  column  8  is  needed  before  group  1  input.  This  program  initialization 
is  described  in  Program  ISIP.  For  NWVSYN -SYNS0L  or  NWVSYN-SYNS0L-WVTRAN 

combination  runs,  the  user  is  referred  to  page  2-25. 


2-30 


IS0L 


7.0  USER’S  MANUAL  FOR  I SOL  PROGRAM 

Program  Features.  The  IS0L  computer  program  was  developed  to  calculate  the 
dynamic  response  of  a  shock  isolation  system  supporting  rigid  masses  and  sub¬ 
jected  to  base  excitations.  The  equations  of  motion  and  selected  coordinate 
systems  were  developed  and  described  in  Part  I.  IS0L  was  organised  in 
accordance  with  these  analytical  approaches.  The  principal  features  of  the 
1S0L  program  are: 

a.  The  program  can  be  used  to  analyze  elastic-pendulum  shock  isolation 
systems,  pivoted  base-mounted  shock  isolation  systems,  and  Gyster..c 
with  special  types  of  isolators  such  as  the  short  pendulum  and  the 
rolling  ball. 

b.  The  force-displacement  characteristics  of  spring  and/or  damper 
elements  can  be  specified  arbitrarily.  Linear  or  nonlinear 
elements  are  acceptable. 

c.  The  locations  of  attachment  points  of  the  spring/damper  units  to 
the  base  structure  are  completely  arbitrary. 

d.  Two  methods  for  integrating  the  equations  of  motion 

are  available.  They  are  based  on  either  the  exact  large-angle 
formulation  or  the  small-angle  approximation. 

e.  The  static  equilibrium  position  of  the  shock  isolation  system  can  be 
determined  through  use  of  the  1S0L  program.  It  is  necessary  to 
obtain  an  equilibrium  position  of  the  isolation  system  prior  to 
computing  responses  due  to  shock  excitation  of  the  base.  In 
redundant  systems,  hand  calculations  are  cumbersome  and  may  be 
impractical.  To  determine  the  static  equilibrium  position  of  the 
system  using  IS0L,  terminal  responses  of  the  system  starting  at  any 
arbitrary  initial  condition  can  be  computed.  To  expedite  the  solution, 
a  temporary  large  value  of  velocity  damping  should  be  provided  between 
the  supported  load  and  its  base.  The  system  will  then  reach  equilibrium 
quickly  as  the  relative  motions  are  highly  damped. 

f.  Multiple  cases  can  be  processed  within  one  run  setup.  In  successive 
cases,  either  the  responses  of  several  independent  shock  isolations 
can  be  calculated  or  the  responses  of  one  system  subjected  to 
different  excitations  can  be  determined. 
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g.  An  option  is  available  to  write  on  a  plot  tape  (logical  unit  2) 
the  response-time  histories  of  all  computed  parameters  for  any 
case  within  the  run  setup.  The  plot  tape  can  be  used  as  an 
input  to  an  independent  YUFL0T  routine  to  generate  off-line  CALCOMP 
plots  of  the  selected  response  data.  Inputs  for  YUFL0T  are  detailed 
in  PLTSUB  program. 

An  abbreviated  flow  chart  of  1S0L  is  shown  in  Figure  2-6. 

Program  Limits.  The  present  version  of  1S0L  has  the  following  limits: 

Number  of  masses  50 

Number  of  spring/damper  elements  50 

Number  of  points  of  interest  4 

Number  of  points  in  excitation  table  500 

(TIME,  XE,  YE,  ZE) 

These  limitations  can  be  expanded  by  changing  the  dimension  statements  of 
the  program  as  long  as  they  do  not  exceed  the  memory  core  capacity  of  the 
computer  system. 

IS0L  Input  Instructions.  The  11  required  input  instructions  are: 

a.  Project  title  or  identification  (ID). 

b.  Control  indices. 

c.  Inertia  data  and  coordinates. 

d.  Coordinates  of  spring/damper  element  attachment  points. 

e.  Data  for  short  pendulums. 

f.  Data  for  spherical  plates. 

g.  Coordinates  of  "points  of  interest". 

h.  Spring/damper  characteristics. 

i.  Excitation  tables. 

j.  Program  constants. 

k.  Initial  conditions. 

As  noted  earlier,  the  IS0L  program  allows  uninterrupted  sequential  computations 
of  multiple  cases  in  a  single  run  setup.  Each  case  begins  with  the  project 
ID  and  usually  ends  with  the  initial  conditions  for  the  succeeding  case,  except 
for  the  group  (or  groups)  which  may  be  omitted,  depending  on  options  requested 
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in  the  control  indices.  Two  blank  cards  are  required  following  the  input 
data  of  the  last  case  so  that  a  proper  exit  or  termination  of  the  run  will 
result.  More  detailed  explanations  of  each  input  group  are  provided  in 
the  following  subsections. 

Group  1  -  Program  title 

Number  of  cards  =  1. 


123456789 101234567  893)1234567  8930 1234567894012345678950123456789®1234567897012 

3456789® 

TITLE  (72H) 

BLANK 

Any  alpha-numeric  data  for  program  identification. 
Group  2  -  Control  indices 
Number  of  cards  =  1. 


1234 

S678bl9l2|3456 

7893 

1234 

567{ 

93012 

34567894012345678950123456789801234567897312345678980 

NA 

(14) 

NB  1  NC 1  ND 
( 14) ( 14) (14) 
_ 1 _ 1 _ 

NE 

(14) 

_ 

NF 

(14) 

NG 

(14) 

_ 

NH 

(14) 

_ 

BLANK 

NA  -  Number  of  inertia  stations  or  number  of  weights  on  the  platform 
(positive  integer). 

NOTE:  When  NA  0, program  run  will  be  terminated.  At  the  end  of  the 
last  case  for  a  run  setup, two  blank  cards  should  be  provided.  'The  first 
card  is  normally  the  title  card  and  the  second  card  provides  NA  =  0. 

NB  -  Number  of  spring/damper  elements  (always  positive  integer). 

NC  -  Control  of  inputing  excitation  tables. 

NC  =  +A.  A  is  a  positive  integer  which  also  serves  as  the  length  of 
the  excitation  tables.  Excitation  tables  must  be  inputed. 

NC  =  0.  No  excitation  tables  are  required  for  this  case.  Skip  inputing 
group  9. 

ND  -  Option  for  large-angle  or  small-angle  integration  of  the  equations  of 
motion  (either  ND  =  1  or  ND  =  2). 
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ND  =  1.  Large-angle  exact  solution. 

ND  =  2.  Small-angle  approximation. 

NE  -  Option  for  computing  response  data  at  points  of  interest. 

4 

NE  =  0.  No  points  of  interest  are  required  for  this  case.  Skip  inputing 
group  7. 

NE  =  B.  B  is  the  number  of  points  of  interest.  The  maximum  number 
for  B  is  4. 

NF  -  Input  acceleration  unit  control. 

NF  =  0.  Excitation  acceleration  function  in  unit  of  g's. 

¥  0.  Excitation  acceleration  function  in  unit  of  in. /sec2. 

NG  -  Initial  conditions  control. 

NG  ^  0.  Initial  conditions  for  this  case  are  to  be  inputed. 

NG  <  0.  Initial  conditions  for  this  case  are  the  end  time  of  the 

preceeding  case.  Skip  inputing  group  11. 

NH  -  Option  for  types  of  isolator  mount. 

NH  <  0.  Short -pendulum  type  isolator.  Skip  inputing  group  6. 

NH  =  0.  Spring/pendulum  type  isolator.  Skip  inputing  group  5  and  6. 

NH  >  0.  Rolling-ball  type  isolator.  Skip  inputing  group  5» 

Group  3  -  Inertia  data  and  coordinates  (right  hand  coordinate  system  with 
Z  positive  up) 

Number  of  cards  =  NA.  If  NG<0,  omit  this  group. 


12345678 

9D123456 

7892)1234 

567893)11 

345678940 

12345678 

190123456 

2222 

145678980 

WT(  I) 
(E8.0) 

YMU) 

(E8.0) 

ZM(I) 

(E8.0) 

XX1U) 

(E8.0) 

YYI(I) 

(E8.0) 

ZZl(l) 

(E8.0) 

XYI( I) 
(E6.0) 

XZKl) 

(E8.0) 

YZI(I) 

(E8.0) 

1  Where  I  =  1,  NA  • 

WT(T)  -  Weight  of  a  point  mass  (lb). 

XM( I )  -  X  coordinate  of  the  weight  with  respect  to  the  building-fixed 
coordinate  system  (in.). 

YM(I)  -  Y  coordinate  of  the  weight  with  respect  to  the  building-fixed 
coordinate  system  (in.). 
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ZM ( 1 )  -  Z  coordinate  of  the  weight  with  respect  to  the  building-fixed 
coordinate  system  (in.). 


XXK.I)  -  L  mass  moment  of  inertia  of  a  point  mass  with  respect  to  X 

r\ 

axis  (in- lb-sec  )  through  the  mass  C.G. 

YYl(l)  -  I  mass  moment  of  inertia  of  a  point  mass  with  respect  to  Y  axis 

yy  2  /** 

(in-lb-sec  )  through  the  mass  C.G. 


ZZH1)  -  1  mass  moment  of  inertia  of  a  point  mass  with  respect  to  Z 
axis  (in-lb-sec2)  through  the  mass  C.G. 

XYKI)  -  I  mass  product  of  inertia  of  a  point  mass  with  respect  to  X-Y 
xy  «  _ 

axis  (in-lb-sec  )  through  the  mass  C.G. 


XZI ( I ) 


I  mass  product  of  inertia  of  a  point  mass  with  respect  to  X-Z 
xz  2 

axis  (in-lb-sec  )  through  the  mass  C.G. 


YZI ( 1 ) 


I 

yz 

axis 


mass  product  of  inertia  of  a  point  mass  with  respect  to  Y-Z 
2 

(in-lb-sec  )  through  the  mass  C.G. 


Group  4  -  Coordinates  of  spring/damper  element  attachment  points 
Number  of  cards  =  NB.  If  NG<0,  omit  this  group. 


1834567C 

H>123459 

r  69®  1234 

S67 893)13 

34597 894C 

18345978 

>801234587 896D 1234567 89701234567 8980 

XA(  I ) 
(E8.0) 

YAU) 

(Eg.O) 

ZA(I) 

(E8.0) 

XB(I) 

(E8.0) 

YB(I) 

(18.0) 

ZB(I) 

(E8.0) 

BLANK 

Where  1  =  1  to  NB: 


XA( I )  -  X  coordinate  of  attachment  point  on  platform  (in.). 

YA( 1 )  -  Y  coordinate  of  attachment  point  on  platform  (in.). 

ZA( I )  -  Z  coordinate  of  attachment  point  on  platform  (in.). 

XB(1)  -  X  coordinate  of  attachment  point  on  building  (in.). 

YB(I)  -  Y  coordinate  of  attachment  point  on  building  (in.). 

ZB(1)  -  Z  coordinate  of  attachment  point  on  building  (in.). 

NOTE:  The  origin  of  the  coordinate  system  is  the  same  as  that  of  the 
coordinates  of  group  3. 
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Group  5  -  Data  for  short  pendulums 

Number  of  cards  =  NB.  If  NH>0  or  NG<0,  omit  this  group. 


12345678 

9D123456 

1 89X1234 

167  89301234567 8MD1234M7  8M0 1234567 888)1234587 89701294567  828) 

SLG(I) 

(88.0) 

DXU) 

(88.0) 

DY(I) 

(88.0) 

BLANK 

Where  I  *  1  to  NB'- 


SLG(I)  -  Length  of  pendulums  (in.). 

DX(I)  -  Deviation  in  X-direction  of  the  lower  end  of  short  pendulum  from 
its  vertical  position  (in.). 

DY(1)  -  Deviation  in  Y-direction  of  the  lower  end  of  short  pendulum  from 

its  vertical  position  (in.). 

Group  6  -  Data  for  spherical  plates 

Number  of  cards  =  NB.  If  NH^O  or  NG<0,  omit  this  group. 


12345678 

91)123456 

1 892)1234 

167893DU 

34567894C 

1234567 89001234567 89601234587 89701234567 8980 

XB0(I) 

(88.0) 

YB0(I) 
(88. 0) 

ZB0(I) 

(88.0) 

R  ( 1 ) 
(88.0) 

UM(I) 

(88.0) 

BLANK 

Where  I  =  1  to  NBJ 


XB0(I)  -  X  coordinate  of  center  of  plate  (in.). 

YBO(I)  -  Y  coordinate  of  center  of  plate  (in.). 

ZB0( I )  -  Z  coordinate  of  center  of  plate  (in.). 

R(I)  -  Radius  of  spherical  plate  (in.). 

UM(1)  -  Rolling  friction  coefficient  between  plate  and  ball. 

Group  7  -  Coordinates  of  points  of  interest 
Number  of  cards  =  NE.  If  NG<0,  omit  this  group. 


12345678 

91)123456 

7.TIW?1 

167 6930 12345678940 12345678950 12345678960 12345678970123456789 80 

»(1) 

(88.0) 

YP(l) 

(88.0) 

ZFU) 

(88.0) 

BLANK 

Where  I  =  1  to  NES 
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XP(I)  -  X  coordinate  of  the  point  of  interest  (in.). 

XP( I )  -  Y  coordinate  of  the  point  of  interest  (in.). 

ZP(l)  -  Z  coordinate  of  the  point  of  Interest  (in.). 

NOTE:  The  origin  of  these  coordinates  are  the  same  as  the  previous 

coordinates . 

Group  8  -  Spring/damper  characteristics 

There  are  NB  number  of  sub-groups  of  cards.  Each  1^  sub-group  begins 
with  one  card  as  follows. 


1X34  S«78bbl23456 189301X34 

>67893012^4567  89013345678901X34567 8901234367 89701234567890 

NX( 1 )NY( I )SL( l)  SK( I ) 
(14)  (14)  (E8.0)  (18.0) 

1  1 _ 1 _ 

M(l)l  „ 

(18.0)  BLAW 

_ 1 - 

(where  1  =  1  to  NB)  : 

NX(1)  -  NX(1)  =  0.  Linear  spring. 

NX( I )  =  A.  nonlinear  spring  characteristics  are  given  in  an  input 
table  of  length  A. 

NY(I)  -  NY( 1 )  *  0.  Linear  viscous  damping. 

NY(I)  *  B.  Variable  damping  coefficients  are  given  in  an  input 
table  of  length  B. 

SL(I/  -  Free  length  of  the  spring  (in.). 

SMI)  -  Constant  linear  spring  rate  (lb/in.). 

DA(I)  -  Constant  linear  viscous  damping  coefficient  (lb-sec/in.). 

NOTE:  Following  this  card  will  be  the  nonlinear  spring  table  input.  Whether 
or  not  the  table  will  be  lnputed  depends  on  the  value  of  NX(I). 

IF  NX( 1 )  =  0,  skip  inputing  the  deflection-force  table. 

IF  NX( I )  =  A,  the  next  cards  are  deflection-force  tables  of  the  spring  element. 
The  deflections  and  forces  are  specified  on  two  separate  groups  of  cards. 


NCTE:  The  number  of  cards  for  DF(J,I)  and  FS(J,I)  depends  on  A;  for 
example,  if  A  =  15,  two  cards  each  will  be  required  for  the  tables. 
Compression  or  shortening  of  the  spring  produces  a  positive  force. 

The  damping  table  for  the  1^  element  follows  the  spring  table.  The 
requirements  for  this  table  will  depend  or.  the  value  of  NV(1). 

If  NY < I )  *  0,  skip  the  velocity-damping  tables. 

If  NY(l)  *  Bf  the  next  cards  are  velocity-damping  tables  of  the  damper 
element.  The  velocity  and  damping  forces  are  specified  on  two  separate 
groups  of  cards  similar  to  the  spring  tables. 

Rate  of  spring  deflections  (VD)  table  -  NY(I)>0  only. 


e: 

23456789 

A. 

123456789 

51 

12345678 

X. 

1234567 

H* 

23456789 

2345678980 


Damping  forces  (FD)  table  -  NY(I)>0  only. 


ED 

3456789 

4 

23456789 

3 

12345678 

23456769 

"TP 

45678 

2345678980 


2-39 


ISOL 


VD(J,l)  -  Velocity  (in. /sec). 

FD(J,l)  -  Damping  force  ( lb- sec /in. ) . 

?he  proceeding  completes  the  sub-group  for  the  Ith  spring/  iaop^r  element.  .;.e 
input  for  spring/damper  characteristics  continues  until  NB  sub-groupc  are  inputed. 

Group  9  -  Excitation  tables 

There  are  four  input  tables  in  this  group.  Each  table  is  NC  long.  Omit 
this  group  if  NC  =  0. 

a.  Time  table 

Number  of  cards  =  (NC  +  8)/9. 


12345678t)D123456j7 892)123466789301334567 8940123456781)9012345 


45678980 


TTAB(l) ,  I  -  l 


X-direction  excitation 
Number  of  cards  =  (NC  +  8)/9 


1234567  ^9D12345^7 89201234^67  89301^34567  894^1234567 8^8012345^789801234^67867013^4567 8980 


XK(X),  I  -  1,  NC|  (9E8.0) 


Y-direction  excitation 
Number  of  cards  =  (NC  +  8)/9. 


1234567  8BD12345 


5012345 


67897012045678980 


Z-direction  excitation 
Number  of  cards  =  (NC  +  8)/9 


1234567 


678930 12t)45878940^2345676|BS0123456|l896D1234is67897Dl2)345678980 


22(1) i  1-1,  |NC|  (928.0) 


1 


TTAB(I) 

-  Time  table 

(sec) . 

XE(  I ) 

-  X-direction 

excitation 

YE(1) 

-  Y-direction 

excitation 

ZE(I) 

-  Z-direction 

excitation 

Group  10  -  Program  constants 


2 

Units  in  in. /set  or  g's 
depending  on  Nl;  value. 


Number  of  cards  =  1. 


1234567 E 

9D123456 

7 89a)  1234 

$67893)13 

34667  894G 

12345676 

190123456 

789601234 

167697013 

145678980 

TS 

(tt.O) 

TF 

(E8.0) 

DTI 

(tt.O) 

DTP 

(tt.O) 

TCP 

(tt.O) 

DTK 

(tt.O) 

PLT 

(tt.O) 

DCGX 

(tt.O) 

DCGY 

(tt.O) 

DCGZ 

(tt.O) 

TS  -  Start  time  (sec). 

TF  -  End  time  (sec). 

DTI  -  Integrating  time  Interval  (sec). 

DTP  -  Printout  time  interval  (sec). 

TCP  -  Time  for  changing  DTP  (sec). 

DTFC  -  New  printout  time  interval  (sec). 

PLT  -  Plot  request  (Not  use  if  0PTN?;H;  see  1SIP  first  input  card). 

PLT  =  0.  Do  not  write  output  data  on  plot  tepe. 

PLT  *  0.  Write  output  data  on  plot  tape. 

DCGX  -  Shift  of  C.G.  in  X  direction  (in.). 

DCGY  -  Shift  of  C.G.  in  Y  direction  (in.). 

DCGZ  -  Shift  of  C.G.  in  Z  direction  (in.). 

Group  11  -  Initial  conditions.  Omit  this  group  if  NG  %  0. 

Number  of  cards  *  1. 


12345678 

1D1234S6 

789201234 

167893)12 

fl-UIT?1' 

12348678 

190123456 

56789*1013 

14567899) 

ALPHA 

(tt.O) 

BETA 

(tt.O) 

1 

ALMT 

(tt.O) 

BITOT 

(18.0) 

GJHD0T 

(tt.O) 

XCBDX 

(tt.O) 

XCBDY 

(tt.O) 

jmm 

BLANK 
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ALPHA  -  A (deg). 

BETA  -  0(deg). 

GAMMA  -  y  (deg). 

ALD0T  -  a( rad/sec). 

BETD0T-  0 (rad/sec ). 

GAMD0T-  i  (rad/sec). 

XCBDX  -  XCBx  (ln./aec). 

XCBDY  -  XCBy  (in. /sec). 

XCBDZ  -  XCBx  (in. /sec). 

NOTE:  If  NG  <  0,  Initial  conditions  of  this  current  run  are  the  conditions 

at  TK  of  the  last  cases. 

Group  12  -  Blank  cards. 

Repeat  group  1  through  group  11  if  needed.  Otherwise,  2  blank,  cards  signal 

a  normal  exit.  (See  SA  of  group  2.) 

ISOL.  Certain  messages  are  printed  out  to  Indicate  that 

the  input  tables  are  out  of  range  or  that  soae  events  of  interest  have 

occurred.  The  messages  are: 

a.  DEFLECTION-FORCE  TABLE  OUT  OF  RANGE--  The  values  in  the  deflection 
table  are  out  of  range. 

b.  VELOCITY-DAMPING  TABLE  OUT  OF  RANGE  -  The  values  in  the  velocity 
table  are  out  of  range. 

c.  TIME- EXCITATION  TABLE  OUT  OF  RANGE  -  The  current  tlae  is  beyond 
the  last  tlae  of  the  Mae  table. 

d.  SOMETHING  WRONG  IN  TIME  CONTROL  -  There  is  seething  wrong  in  the 
tlae  control  input, either  DTP  or  DTPC. 

e.  PLOT  RUN  NUMBER  X  -  Sequence  X  of  plot  case  time-history  data  will 
be  written  on  the  plot  tepe. 

f.  END  OF  RUN  -  WILL  EXIT  -  All  the  cases  for  this  run  setup  have  been 
completed  successfully. 

g.  WRONG  PLATE  INPUT  -  It  is  assumed  that  C(J)  i,  always  less  than 
zero,  i.e.,  the  support  point  is  Inside  the  spherical  plate. 

h.  WRONG  SHORT  PENDULUM  INPUT  -  Magnitude  of  cosine  function  is  greater 

than  one. 
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IS0L  Output.  The  input  data  for  each  case  are  printed  beginning  with  the 
project  title.  The  printout  of  the  input  data  hae  been  arranged  for  each 
reading,  and  does  not  use  the  sane  format  as  the  input  cards.  All  of  the 

data  outputs  havy  proper  self-explanatory  headings.  The  response  data 
consists  of  49  parameters  maximum  for  each  time  period.  Headings  are 
provided  at  the  top  sf  each  page  of  the  response  output  data.  The  output 
parameters  are  explained  as  follows: 

Parameter 

Number  Parameter 


1 

TIME 

- 

TIME  (sec). 

2 

XC 

- 

X  component  of 

the 

relative*  displacement  (in.). 

3 

YC 

- 

Y  component  of 

the 

relative*  displacement  (in.). 

4 

ZC 

- 

Z  component  of 

the 

relative*  displacement  (in.). 

5 

AX 

- 

X  component  of 

the 

absolute  acceleration  (in./6ec 

sq) . 

6 

AY 

- 

Y  component  of 

the 

absolute  acceleration  (in./sec 

sq) . 

7 

AZ 

- 

Z  component  of 

the 

absolute  acceleration  (in./sec 

sq). 

8 

0X 

- 

*■  (deg). 

9 

0Y 

- 

0  (deg). 

NOTE: 

10 

0Z 

- 

y  (deg). 

Parameters  2  through  13 

11 

0DX 

- 

(rad./ sec2). 

are  those  of  the  platform's 

12 

0DY 

- 

“  (rad/sec2). 

y 

C.G. 

13 

0DZ 

•  2 

«  (rad/sec  ). 

z 


2 

14  ABX  -  X-input  excitation  (in. /sec  ). 

2 

15  ABY  -  Y-input  excitation  (in./6ec  ). 

2 

16  ABZ  -  Z-input  excitation  (in. /sec  ). 

17-25  All,  A12,  . . . A33  -  A  Matrix. 

26.32.38.44  XPN  -  X  relative*  displacement  of  the  Nth  point  of  interest  (in.), 

where  N  =  1 , ...  ,4 

27.33.39.45  YPN  -  Y  relative*  displacement  of  the  Nth  point  of  interest  (in.), 

where  N  =  1 , ...  ,4 

28.34.40.46  ZPN  -  Z  relative*  displacement  of  the  Nth  point  of  interest  (in.), 

where  N  *>  1 ....  ,4 

29.35.41.47  AXPN  -  X  component  of  absolute  acceleration  of  the  Nth  point  of 

interest  (in. /sec  ),  where  N  *  1,...,4 

30.36.42.48  AYPN  -  Y  component  of  absolute  acceleration  of  the  Nth  point  of 

interest  (in./sec  ),  where  N  *=  1, _ ,4 

31.37.43.49  AZPN  -  Z  component  of  absolute  acceleration  of  the  Nth  point  of 

interest  (in./sec  ),  where  N  -  1,...,4 

♦relative  to  the  initial  equilibrium  conditions 


At  time  between 
print-out  intervals 
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At  the  end  of  the  time-history  response  data  output,  a  table  summai izes 
the  maximum  values  of  the  response  data.  Data  at  TF  are  used  as  initial 
conditions  for  the  next  case  and  are  printed  following  the  maximum  response 
data  summary. 

Program  Initialization.  To  execute  IS0L  by  itself,  an  input  card  with  an 
integer  4  in  column  8  is  needed  before  group  1  input.  This  program 
initialization  is  described  in  Program  ISIP.  Option  14  (in  columns  7  and  8) 
can  also  be  used  instead  of  4  if  on-line  plotting  (no  magnetic  tape  is  re¬ 
quired)  or  spectrum  analysis  follows. 


PLTSUB 


8.0  USER’S  MANUAL  FOR  PLTSUB  PROGRAM 

Program  Features.  A  fairly  complicated  plotting  package  was  developed  for 
the  shock  spectrum  and  time -dependent  variable  plots.  However,  this  program 
auat  be  through  the  ISIP  program  (to  be  described  later)  share  data  atorage 
and  retrieval  become  automatic.  The  user  requests  the  preferred  plotter  from 
the  plotter  choice  of  ISIP. 

Three  distinct  plotting  programs  are  enclosed  in  PLTSUB  to  generate  SC-4020 
scope  camera  plots,  the  Calcomp  pen  plots  and  the  line-printer  plots.  The 
use  of  the  first  two,  depends  on  the  availability  of  these  plotters  in  a 
computer  system.  The  line-printer,  however ,  is  always  present. 

When  the  plotter  is  requested  (see  the  first  input  card  of  ISIP),  the 
following  will  be  executed: 

a.  Shock  spectrum  and  the  time-acceleration  history  of  the  synthesized 
waveform  will  be  plotted  at  the  end  of  the  WAVSYN/NWVSYN  run.  No 
inputs  to  PLTSUB  are  required.  Spectrum  is  plotted  in  log-log 
scale  and  the  time-acceleration  history  in  a  linear  plot. 

b.  YUPL0T  subroutine  will  be  called  by  PLTSUB  at  the  end  of  an  IS0L 
run.  Any  of  the  49  time-dependent  variables  computed  by  IS0L 
can  be  plotted.  TWo  or  more  input  cards  are  needed. 

c.  Shock  spectra  and  the  time  acceleration  histories  of  the  responses 
requested  in  SPCTRM  will  be  automatically  plotted  in  log-log  and 
linear  plots  as  in  (a.).  No  inputs  to  PLTSUB  are 

required. 

Figure  2-7  shows  the  flow  chart  of  PLTSUB  program. 

Program  Limits.  The  PLTSUB  plotting  package  assumes  on-line  plotters 
(SC-4020,  Calcomp,  and  line-printer)  are  available  in  a  computer  installation. 
With  minimal  FORTRAN  changes,  a  magnetic  tape  can  be  created  for  generating 
Calcomp  or  SC-4020  plots  on  off-line  equipment. 

Subroutines  of  PLTSUB.  The  PLTSUB  has  four  subroutines! 

a.  YUPL0T  -  extraction  of  variables  from  IS0L  output. 

b.  CPL0T  1,  CPL0T  3  -  Calcomp  plotting  package. 

c.  CPL0T  2,  CPL0T  4  -  SC-4020  plotting  package. 

d.  CPL0T  5  -  line-printer  plotting  package. 
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All  subroutines  are  written  in  FORTRAN  V  language  and  therefore  are  easily 
adapted  to  many  computer  systems.  However,  since  many  computer  installations 
may  not  have  the  SO  AO 20  plotting  capability,  an  extra  subroutine  QIKL0C  is 
added  to  temporarily  nullify  subroutines  CP I$T2  and  4  in  the  SC  4020  plotting 
package.  A  similar  technique  can  be  used  to  nullify  subroutines  CPL0T1  and 
2,  Calcomp  plotting  package. 

Y’JPL0T  Lnput  Instructions.  YUPL0I’  allows  plotting  of  any  dependent  variable 
versus  time  from  a  previous  IS0L  run.  Input  instructions  for  YUPL0T  are 
straightforward.  Only  one  FORTRAN  read  statement  is  used  in  the  entire 
routine. 
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NUM1  -  Positive  integer  indicates  the  plot  case  number.  A  negative 
integer  terminates  the  input. 

L0T  tl)  -  Any  of  the  49  time-history  data  from  an  1S0L  run;  each  card 
allows  a  maximum  request  of  23  plots. 

Yl'PLOT  Example  Input.  To  illustrate  the  use  of  YUPL0T,  an  example  is 
provided.  Suppose  we  are  interested  in  creating  plots  of  the  following 
parameters  computed  by  IS0L. 

PL01  CASE  1  SC,  ZC,  AX,  AZ,  0X,  0DZ  vs  TIME 
PLOT  CASE  3  YC,  0DX ,  XP1 ,  AZP1  vs  TIME 

three  cards  of  (2413)  format  are  required  for  this  example  run. 

COL  ENDING _ 3 _ 6 _ 9 _ 12  15  18 _ 21 

1st  Card  124  57  3  13 

2nd  Card  3  3  11  26  31 

3rd  Card  -1 

The  first  word  of  the  first  card  is  li.o  plot  case  number  which  is  1.  The 
last  word  of  the  first  card  ends  at  column  21  and  is  the  dependent  variable 
0DZ  wh i  !i  is  the  13th  parameter  of  :  hr  time-history  parameters  starting 
with  T t M E ,  being  the  first  parameter.  The  first  word  of  the  second  card 
is  3  (plot  case  3 J  with  similar  parameter  requests.  The  third  card  hao  only 
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one  wmd,  NUM1  -  neg.  integer,  wliich  results  in  proper  terminal  ion  id  U„. 
YUPL0T  run. 

Mossi'gob  Liom  l'l.l Sim.  There*  is  no  message  pi  intent  when  plotting,  is  railed 
from  sources  other  than  YUPLOI.  The  dimensions  in  these  subrout  i  nes  are 
large  enough  that  they  will  never  go  out  of  range.  However,  the  maximum 
table  length  allowed  in  any  parameter  of  YUPL0T  routine  is  450.  Should  this 
limit  be  exceeded,  the  execution  will  still  proceed,  except  the  plot  points 
for  this  particular  plot  request  will  end  at  the  450th  point.  A  message 
will  be  printed  out  at  the  YUPL0T  output  indicating  the  buffer  has  been 
exceeded . 

There  are  other  messages  from  YUPL0T  which  may  result  from  wrong 
input  data,  etc.  These  messages  are  self-explanatory.  At  the  end  of  the 
run  a  message  reading  "END  OF  PLOT  RUN"  will  be  printed.  If  this  message 
does  not  occur,  there  is  something  wrong  with  the  input  data  and/or  plotting 
subroutines.  The  most  likely  source  of  error  is  the  omission  of  the  NUM1  =  neg 
integer  card. 

Sample  Plots.  Figures  2-8  and  2-9  show  two  sample  plots  from  a  WAVSYN  run, 
using  SC-4020  scope  camera  plotter  (1PLT  =  1). 

Program  Initialization.  To  execute  PLTSUB  by  itself,  an  input  card  with  an 
integer  5  in  column  8  is  needed  before  group  1  input.  This  program 
initialization  is  described  in  Program  ISIP. 
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FIGURE  2-8.  SHOCK  SPECTRUM  PLOT  FROM  A  WAVSYN  RUN 
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9.0  USER'S  MANUAL  FOR  SPECTRM  PROGRAM 

Program  Features.  The  SHOCK  RESPONSE  program  was  developed  to  generate  a 
shock  response  spectrum  £rom  a  given  acceleration-time  motion  history.  The 
program  has  the  following  main  features: 

2 

a.  Acceleration  amplitude  can  be  in  units  of  "g"  or  "In. /sec  ". 

b.  Damped  shock  response  spectrum  can  be  produced  by  reading  In  the 
required  critical  damping  ratio. 

c.  Multiple  problems  can  be  solved  with  one  run  setup. 

d.  Different  acceleration- time  motion  history  can  be  used  for  each 
problem  run. 

e.  A  linear  acceleration  method  is  used  to  6olve  the  second-order 
differential  eauation. 

Figure  2-10  shows  the  flow  chart  of  the  SPCTRM  computer  program. 


Program  Limits. 

Frequency  ranges  50 
Frequency  intervals  within  the  range  50 
Acceleration-time  history  data  points  520 
Integration  time  interval  steps  12,000 


The  above  limits  can  be  expan ed  by  changing  the  program  dimensions  as 
long  as  they  do  not  exceed  the  capacity  of  the  computer  core. 

Shock  Response  Input  Instructions.  The  input  can  be  divided  into  six 
groups.  They  are: 

Group  1  -  Time,  damping  and  initial  condition  and  input  parameter  controls 
Number  of  cards  =  1. 


12345678 

3D123456 

7892)1234 

>67893012 

345678940 

12345678 

TS 

(F8.0) 

TK 

(F8.0) 

TH 

(F8.0) 

BBT 

(F8.0) 

XI 

(F8.0) 

VI 

(F8.0) 

HHHKSi 

mwMwmw  ■ 

IS  -  Starting  time  on  time  table.  (  A  dummy  input  variable.  Actual  input 
value  not  used.) 
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Figure  2-10.  Flow  Chart  of  SPCTRM  Program 
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TE  -  Ending  time  on  time  table.  (  A  dummy  input  variable.  Actual  input 
value  not  used) 

TH  -  Integration  tlae  interval  (auggeet  1/10  period  or  leee  of  the  high«*t 
t lee /notion  hietory  frequency). 

BET  -  Damping  ratio. 

XI  -  Initial  displacement. 

VI  -  Initial  velocity. 

L0T  (I)  -  Up  to  4  parameters  from  I SOL  run  to  be  processed  by  SPCTRM. 
Parameters  5,  6,  and  7  are  automatically  included. 

-  L0T(1)  -  50  for  an  Independent  SPCTkM  run. 

Group  2  -  Shock  analysis  constants 
Number  of  cards  =  1. 


12345 

!709til234! 

67892 

l234M7893>1234M78M)U34MT8M>l2345678M>l2MM7W1Dl2MM78»a> 

NF 

(13) 

- 1 - 

ICP  IDEL 
(I5)(I3> 

HP 

(15) 

BLANK 

NF  •  Number  of  frequency  range. 

I CP  -  Nianber  of  residual  vibration  cycles  (suggest  three  or  lees). 

IDEL  -  Integration  constant  (suggest  no  lass  than  five.  A  default  value  of 
5  will  be  used  if  no  input  value  Is  given.) 

NT  -  Number  of  points  on  time  table. 

Group  3  -  Frequencies  on  shock  spectrum 

Number  of  cards  =  NF ,  K  ■  l ,  NF . 


12345678 

JD123456 

189201234 

)67 8930 1234567894012345678980 123456789 6D123466789701234567898D 

SSF(K) 

(F8.0) 

EEF(K) 

(FB.O) 

HHF(K) 

(FB.O) 

BUNK 

SSF(K)  -  Starting  frequency,  Hz 
EEF(K)  -  Ending  frequency,  Hz 
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HHF(K)  -  If  NF  >_  2,  HHF(K)  is  the  linear  frequency  Increment  within  the  range 
EEF (K)-SSF (K) .  If  NF  -  1,  HHF(l)  is  the  number  of  logarithmic 
frequency  intervals  within  the  frequency  range  EEF(1)-SSF(1) . 

A  default  value  of  100  intervals  will  be  used  if  input  value  of 
HHF(l)  is  less  than  five  and  NF  is  one. 

Group  4  -  Time  table 

Number  of  cards  =  (NT  +  6)/7. 


1234567891 

12345678930 

lt34667B93c|l234B67894(|l8346fl789S  1234567698 

12346678980 

BLANK 

TT(I)  -  Time  table  (maximum  of  520  data  points). 
Group  5  -  Title  and  problem  controls 
Number  of  cards  *  1. 


1234867891)123450789211234667893918346678940 1834167 698)18345 

0789601234667897(1 

12346 

078980 

TITLE(X),  l  -  1,  ll  (HAS) 

BLANK 

IK 

(15) 

LAST 

(13) 

TlTLE(l)  -  Designation  of  the  problem  title. 

IK  -  Read  acceleration  table  in  g  if  IK  ^0.  Reed  acceleration  table 

in  in. /sec2  if  1K>0. 

LAST  •  Next  problem  has  same  time  table  if  LAST  *  1.  Next  problem  has 
different  time  table  if  LAST  ■  2.  Last  problem  if  LAST  ■  0. 

Group  6  -  Acceleration  table 

Number  of  cards  =  (NT  +  6)/7. 


mm 

1234567 893ojl234567 894|l234567 898Cjl234567898 

1234567898) 

bbeesm 

BLANK 

FT(I)  •  Acceleration  table  (maximum  of  520  data  points). 
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Output  Data.  The  output  data  from  the  program  can  be  divided  into  two  ports. 
First  part  is  the  printout  of  input  data  which  consists  of  the  control  indexes, 
the  frequency  information  on  the  required  response  spectrum,  and  the  time  table 
and  acceleration  amplitude  table  of  the  input  forcing  function.  Second  part 
is  the  printout  of  the  calculated  results.  For  each  selected  frequency  point 
on  the  required  response  spectrum,  both  the  maximum  displacement  and  acceleration 
responses  are  listed. 

Program  Initialization.  To  execute  SPCTRM  by  itself,  an  input  card  with  an 
integer  6  in  column  8  is  needed  before  group  1  input.  This  program 
initialization  is  described  in  Program  ISIP. 

Comment.  SPCTRM  is  an  improved  version  of  the  shock  spectrum  analysis  computer 
programs,  SHflSC  and  SH0CA,  originally  developed  by  Parsons  Company  of  Las  Angles. 
In  SPCTRM,  the  input  deck  retains  the  original  input  format  of  SH0C/SH0CA,  such 
that  the  input  deck  can  be  executed  in  all  three  versions.  Some  obsolete  input 
parameters,  such  as  TS,  TE  in  group  1  input,  remain  in  SPCTRM,  and  some  input 
parameters,  such  as  HHF  in  group  3,  may  have  additional  definitions.  Several 
other  input  parameters  become  optional,  and  the  computer  program  will  automatical 
supply  optimal  values  if  no  input  values  are  given. 
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10. O  USER'S  MANUAL  FOR  F0UKIE  AND  FILTER  PROGRAMS 

I’rimram  Features.  It*  establish  the  amplification  i  at  in  i  cqu  i  i  fiiitn  i  "I  i 
synthest/.pil  wnvelt'im,  as  in  the  case  <  •  L  WAVSYN,  t*i  NWVSYN  pi  oj.i  uni ,  tin 
timo-motion  histories  used  to  generate  the  required  spectrum 
must  be  given.  FILTER  program  Is  designed  to  determine,  one  at  a  time, 
the  amplitudes  of  the  major  frequency  components  of  these  time-histories. 

By  comparing  the  filtered  results  with  the  amplitudes  of  the  response 
spectra  generated  by  these  motions  at  the  filtered  midband  frequencies, 
amplification  ratios  can  be  established  as  a  function  of  frequency.  The 
major  frequency  components  of  a  time-motion  history  can  be  selected  from 
their  Fourier  amplitude  spectrum.  The  F0URIE  program  was  developed  to 
fill  this  need.  Fourier  amplitude  versus  frequency  is  plotted  on  a 
line-printer  for  quick  selection  of  the  major  frequency  components. 

Figure  2-11  and  2-12  show  the  flow  charts  of  FILTER  and  F0URIE  programs. 

Program  Limits.  The  calculated  amplification  ratio  must  be  cotrected  by 
a  modification  factor  for  the  low-frequency  components.  This  factor  is 
necessary  since  the  filtered  results  are  accurate  only  for  steady-state 
responses  and  the  duration  of  the  input  motion  may  not  be  long  enough  to  allow 
sufficient  oscillations  at  low  frequency.  The  FILTER  program  has  no  limit 
on  the  number  of  frequency  components  which  can  be  extracted,  nor  on  the 
number  of  problems  that  it  can  process  within  one  run  setup.  The  maximum 
number  of  data  points  on  the  input  time-motion  history  la  1125,  which 
corresponds  to  a  dimension  array  of  4500  each  for  TTAB  and  V1N.  The  maximum 
number  of  the  data  points  in  F0URIE  is  500.  These  dimension  limits  can  be 
expanded  to  larger  values  by  changing  the  program  dimensions,  as  long  as 
they  do  not  exceed  the  capacity  of  the  computer  core. 

FILTER  Input  Instructions.  There  are  six  groups  of  input  data  as  follows: 
Group  1  -  Number  of  problems 
Number  of  cards  =  1. 


1234 

587  89D1234567 892)1234567  89301234567  8MD1234567 893)12345678960123456789701234567  8980 

ND 

(14) 

BLANK 
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Figure  2-11.  Flow  Chart  for  FILTER  Program 


2-57 


F0URIE/FILTER 


F0UR Ifi/FILTER 


ND  -  Numbet  of  problems. 
Ci  oup  2  •  Title 
Number  of  cards  -  1. 


1234567891)1234567 83*1234567 893)1234567 89401234567 89501234567 89601234567 897012 

345678980 

TITLE! 1),  I  -  1,  12  (12A6) 

BLANK 

TITLE(I)  -  Problem  title.  Any  alpha-numeric  data  for  problem  identification. 
Group  3  -  Control  indices 
Number  of  cards  =  1. 


12348 

S789K 

12346 

1789*12346 

J789®12345678940123456789®12345678960 1234567897012345878980 

NW 

(15) 

NI 

(15) 

HQ 

(15) 

Hi 

(TI0.5) 

BLANK 

NW  -  Number  of  midband  frequencies. 

NI  -  Number  of  data  points  on  time  table. 

IF  NI  =  0,  time  table  is  the  same  as  the  preceeding  problem. 

NQ  -  Printout  option  control. 

IF  NQ  =  0,  only  the  maximum  response  value  is  printed  for  each  midband 
frequency. 

IF  NQ  *  0,  time-motion  history  of  filtered  response  at  each  midband 
frequency  is  printed. 

TH  -  Integration  time  interval.  If  TH  =  0,  one-tenth  of  midband  frequency 
is  used. 

Group  4  -  Kidband.  frequencies 
Number  of  cards  =  (NW  +  7)/8 


123456789  b 

123456789* 

12345678960 

12345676970 

12345678980 

m 
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0MEGA(l)  -  Midbund  frequency,  Hz. 

Group  )  -  Time  table.  Omit  this  group  if  N1  =  0. 
Number  of  cards  =  ( N  l  ■<  8)/9. 


12346678 

9D123456 

7892)1234^678930 12^4567894l|l2345678^ 90123456 

189001234 

»G7  897012 

045678980 

till 

TDUM(I),  I  »  1,  NI  (9F8.0) 

- 1 _ 1 _ 1 _ 1 _ 

BLANK 

TDUM(I)  -  Input  motion  time  table. 
Group  6  -  Amplitude  table 
Number  of  cards  =  (NV  +  8)/9. 


1234567&ID12345 


6789301 


56789801 


VDUM(I)  -  Input  motion  amplitude  table. 

NV  =  NI ,  if  N1  is  non-zero 

=  NI  of  the  last  problem,  if  current  Nl  =  0. 

F0URIE  Input  Instructions.  There  are  seven  groups  of  input  data  as  follows: 
Group  1  -  Program  constants 
Number  of  cards  =  1. 

12345  57891)  12345678920123456789301234667894012345678950123456789601234567897012345678980 
NF  IDEL 

(15)  (15)  BLANK 


NF  -  Number  of  frequency  ranges. 

IDEL-  An  integration  constant  (suggest  not  less  than  five). 

1DEL  is  automatically  set  to  5  if  IDEL  is  zero  on  INPUT  card. 
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Group  2  -  Frequencies 
Number  of  cards  =  NF, 


1334667  89012345 

5789301234567693) 

1234667 894013346 

578930 123466789801234567897012345678980 

SSF(K) 

(F15.8) 

UF(K) 

(F15.8) 

HHF(K) 

(FIS.  8) 

BLANK 

SSF(K)  -  starting  frequency,  Hz 
EEF(K)  -  ending  frequency,  Hz 

HHF(K)  -  If  NF  of  group  1  is  greater  than  1,  HHF(K)  is  the  linear  frequency 
interval  within  the  range  SSF(K)  to  EEF(K),  Hz. 

If  NF  of  group  1  is  1,  HHF(I)  is  the  number  of  logarithmic  intervals 
within  the  frequency  range  SSF(I)  to  EEF(I) ,  a  real  number. 

Group  3  -  Number  of  data  points 

Number  of  cards  .  1. 


12343 

67 89D1234987 892)1234567 89301234567 89401234567 89901234567 8960 1234567 89701234567 8980 

MS 

115) 

BLANK 

NS  -  Number  of  data  points  for  the  shock  motion  and  time  tables. 
Group  A  -  Time  constants 
Number  of  cards  =  1. 


123456789D12343 

57 892)1234667 8930 

1234667894012343 

578990123456789601234667897012345678980 

TS 

(FIS. 8) 

TK 

(FIS. 8) 

TH 

(F15.8) 

BLANK 

TS  -  Starting  time  for  the  time  table. 
TE  -  Ending  time  for  the  time  table. 

TH  -  Integration  time  interval. 
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Group  5  -  Time  table 


Number  of  cards  =  (NS  +  8)/9 


F0HJR1E/H1/1  EK 


123456780  01234561789201234 


234567860012345 


TT( J) ,  J  -  I,  NS  (9F8.0) 
I  1  ( 


45678980 


TT(J)  -  Time  table  for  shock  motion,  sec. 
Group  6  -  Title  and  run  control  indices 


Number  of  cards  =  1. 


123466769P1234567892D 12345678930 1234567894012345678930 l23456789flDl2346678970ly45)B78pa) 
TITLE  (J),  J  -  1,12  (12A6)  fiiwruE 


TITLE  -  Any  alpha-numeric  data  used  for  problem  identification. 

LP  -  Repeat  run  control  index. 

If  LP  <  0 ,  repeat  run  starting  from  group  6 

If  LP  =  0,  end  of  normal  run 

LF  Lp  >  o,  repeat  run  starting  from  group  3 

IK  -  Motion  input  unit  control. 

2 

IK  -  0,  Input  motion  unit  in  in/sec 
IK  =  1,  Input  motion  unit  in  g's. 

..'roup  7  -  Motion  table 

Number  of  cards  =  (NS  +  8)/9. 


12345678 


234567883012345 


£  222222  2ES2E! 


5678980 


FT(J)  -  Input  shock  motion. 

Repeat  the  above  input  group  according  to  the  run  control  index  LP  in  group  6. 
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FILTER  and  F0URIE  Outputs.  The  output  data  for  FILTER  and  F0UR1E  programs 
contain  the  printout  of  the  input  data.  In  FILTER,  the  lower  and  upper 
cutoff  frequencies  for  each  midband  frequency  are  listed,  and  the  output 
is  printed  in  three  columns.  The  first  column  is  the  time  table.  The  second 
and  third  columns  are  the  amplitude  of  the  input  motion  and  the  filtered 
result  respectively.  At  the  conclusion  of  the  program  the  maximum  amplitude 
of  the  filtered  motion  is  summarized  with  the  time  at  which  it 
occurred. 

In  F0UR1E,  a  Fourier  amplitude  table  is  printed  at  the  end  of  the  analysis. 

This  table  consists  of  five  columns.  The  first  is  the  frequency,  while  the 
second,  third  and  fourth  columns  are  the  real  part,  the  imaginary  part,  and 
the  phase  angle  of  the  real  and  imaginary  components.  The  last  column  is 
the  modulus  of  the  Fourier  amplitude  spectrum.  The  Fourier  amplitude  in 
logarithmic  scale  is  plotted  against  frequency. 

Program  Initialization.  To  execute  F0URIE  or  FILTER  computer  program  by 
itself,  an  input  card  with  an  integer  7,  for  F0UR1E,  or  an  integer  8,  for  FLTER, 
in  column  8  is  needed  before  group  1  input  of  either  F0URIE  or  FILTER.  This 
program  initialization  is  described  in  Program  ISIP. 
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11.0  USER'S  MANUAL  FOR  ISIP  PROGRAM 

Program  Features.  Tho  1SIT  program  integrates  the  previous  nlno  j  rogrume 
(to  be  called  subprogram  In  this  section)  into  one  package,  and  makoc  the 
shock  isolation  analysis  a  continuous  process.  Data  storage  and  retrieval, 
and  subprogram  sequencing  become  automatic  in  ISIP.  The  principal  features  of 
ISIF  are: 


a.  An  overlay  computer  program  structure  which  eliminates  massive 
core  requirements.  32,000  (decimal),  equivalent  to  76,000  (octal), 
core  word  size  is  needed. 

b.  Reduction  in  input  preparation  due  to  automatic  data  storage 

and  retrieval  among  the  sub-programs.  For  example,  the  number  of 
data  points,  and  the  time  and  acceleration  tables  generated  by 
WAVSYN  are  automatically  fed  into  SYNS0L,  and  the  user  of  ISIP 
does  not  need  to  account  for  the  number  of  data  points  in  each  of 
these  tables  or  where  these  tables  are  stored.  The  reduction  of 
input  preparation  also  reduces  possible  human  errors. 

c.  Automatic  linking  of  subprograms  in  a  sequential  executable  order 
However,  user  can  execute  any  particular  subprogram,  or  he  may  skip 
or  terminate  ISIP  at  any  stage  of  the  sequential  run. 

d.  The  interval  execution  order  of  the  subprograms  is  important  in 
ISIP  input  preparation  for  a  shock  analysis  of  a  rigid  platform. 
This  order  is: 

1S0L1N 

WAVSYN /NW VS YN 

SYNS0L 

IS0L 

PLTSUB 

SPCTRM 

FILTER 

F0URIE 
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PLTSUB,  however ,  is  also  called  to  execute  at  the  ends  of  WAVSYN/ 
NWVSYN,  SYNS0L,and  SPCTRM ,  besides  its  present  location  after 
1S0L.  Subprograms  FILTER  and  F0UR1E  are  physically  outside 
this  internal  execution  order,  and  they  can  be  called  to 
execute  Individually  only  through  ISIP. 

e.  Both  WAVSYN  and  NWVSYN  were  originally  programmed  in  ISIP.  However, 
in  this  manual,  WAVSYN  has  be  deleted  and  only  NWVSYN  survives. 
Provision  for  the  reinstatement  of  WAVSYN  into  ISIP,  if  needed,  is 
readily  availble. 

f.  Automatic  NWVSYN-SYNS0L,  or  NWVSYN- SYNS0L-WVTRAN  runs  are  provided 
for  convience.  In  these  combination  runs,  the  output  of  the  synthe¬ 
sized  waveform  can  be  printed  and  punched  in  a  variety  of  output 
formats. 

g-  Automatic  recycling  of  1S0L- SPCTRM  run  when  ISIP  is  executed. 

The  analysis  of  a  platform  due  to  X-Z  ground  excitation  is  first 
computed  by  I90L,  and  the  response  spectra  of  various  points  in  the 
platform  are  analyzed  by  SPCTRM.  This  process  is  then  repeated 
for  Y-Z  excitation,  and  last,  for  an  X-Y-Z  excitation  where  X-Y 
ground  excitation  is  combined  first  to  formulate  excitation 
arriving  from  a  horlzonal  angle  in  the  X-Y  plane.  This  horizontal 
angle,  currently  set  internally  at  45°,  can  be  changed  or  varied 
to  cover  any  horizontal  angle. 

An  abbreviated  flow  chart  of  ISIP  is  shown  in  Figure  2-13. 

Program  Limits.  The  limits  of  all  subprograms  are  essentially  the  limits 
of  ISIP.  In  addition,  the  computer  system  must  have  the  program  overlay 
capacity  with  six  logical  units  (3,  11,  12,  13,  14  and  15).  Without  the 
overlay  structure,  however,  a  core  size  of  300,000  (decimal)  words  would 
be  required. 

ISIP  Input  Instructions.  ISIP  program  reads  only  one  program  control  card 
and  one  problem  identification  card.  The  rest  of  the  input  deck  is  read  by 
the  various  subprograms.  A  comment  card,  optionally  preceeded  by  one  or 
more  blank  cards,  must  preceed  each  subprogram  input  dect.  These  cosnent 
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FIGURE  2-13.  FLOW  CHART  OF  ISIP  PROGRAM 
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cards  physically  divide  each  subprogram  input  deck  for  easy  identification, 
and  can  have  any  message,  such  as,  'Input  deck  to  IS01.IN' ,  'INPUT  to  WAVSYN ' , 
etc.  If  the  word  "Skip"  is  punched  in  columns  1  through  A,  in  pl.no  of  Un¬ 
comment  card,  that  particular  subprogram  will  be  skipped.  The  wmd  "finish" 
punched  in  columns  1  through  6  will  terminate  a  1S1P  run.  "finish"  is  not 
needed  for  a  complete  IS1P  run  setup,  from  1S0L1N  through  SPCTOM. 

A  detailed  explanation  of  input  instructions  follows: 
a.  Input  to  IS1P. 

Number  of  cards  =  2. 

(1)  The  first  card  is  as  follows: 


1S1F 


12345678 

>0123456 

7893)1234567893012345678940123456788501234567890)123456789701234567893) 

0PTN 

(18) 

IPLT 

(18) 

BUNK 

0PTN  -  An  ISIP  execution  control  index. 

0PTN  =  1,  only  IS0LIN  is  executed 
=  2,  only  NWVSYN  is  executed 
=  3,  only  SYNS0L  is  executed 
=  A,  only  IS0L  is  executed 
=  5,  only  YUPL0T  cf  PLTSUB  is  executed 
=  6,  only  SPCTRM  is  executed 
=  7,  only  F0URIE  is  executed 
=  8,  only  FILTER  is  executed 
=  9,  NWVSYN  and  SYNS0L  are  executed 


=  10, 

NWVSYN- 

SYNS0L-WVTRAN  are  executed  (see  page  2-25) 

=  11, 

an 

ISIP 

run. 

starting  from 

IS0LIN 

=  12, 

an 

ISIP 

» un , 

starting  from 

NWVSYN 

=  13, 

an 

ISIP 

run , 

starting  from 

SYNS0L 

=  JA, 

an 

ISIP 

run , 

starting  from 

IS0L 

=  15, 

an 

ISIP 

run , 

starting  from 

PLTSUB 

=  16, 

an 

ISIP 

run , 

starting  from 

SPCTRM 
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IPLT  -  Plotting  and  plotter  choice  control  Index. 

IPLT  ■  0,  no  plotting  requested 

■  1,  plots,  on  CALCOMP  pen  plotter 
*  2,  plots,  on  SC4020  scope  platter 

■  3,  plots,  on  line-printer 

(2)  The  second  card  Is  an  ID  card.  (Omitted  if  OPTO  <_  10) 


1234567 89&123456789291234S67893D1234567894D 1234867693)123466789601234567897012 

TlTLE(l),  1  -  1,  12  (12A6) 

BLANK  | 

TITLE(l)  -  Problem  title.  This  title  will  be  used  throughout 
an  ISIP  run  and  its  subprograms. 

b.  INPUT  to  IS0LIN 

Input  to  1S0LIN  begins  with  a  comment  card,  then  follows  the  entire 
deck  of  IS0LIN  input,  except  group  1  -  the  program  title  card. 

(See  User's  Manual  for  1S0LIN  Program) 

c.  INPUT  to  WAVSYN / NWSYN 

Input  to  WAVSYN/NWV5YN  begins  with  a  comment  card,  followed  by 
the  entire  deck  of  WAVSYN/NWVSYN  input.  (See  User's  Manual  for 
WAVSYN  or  NWVSYN) .  The  user  must  synthesize  the  horizontal 
waveform  first,  and  followed  by  the  vertical  case.  Currently, 
only  NWVSYN  is  in  the  ISIP  run  stream. 

d.  INPUT  to  SYNS0L 

The  only  input  card  needed  for  SYN50L  in  an  ISIP  run  is  the  comment 
card. 

e.  INPUT  to  IS0L 

The  input  Btream  begins  with  a  comment  card.  The  IS0L  input  portion 
is  as  follows: 
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1S$L  individual  run,  (OPTN  -  4,  Sea 
User's  Manual  for  ISQL  Program) _ 


I90L,  as  run  through  1S1P  (0PTN 
11) _ _ _ 


Group 


Group 


> 


1.  Program  title 

2.  Control  indices:  * 

HA,  HB,  NC,  ND,  NE,  NF,  NG, 
NH 

(814) 


1.  Omitted 

2.  Only  NA,  HB,  NC,  NE  and  NF  require 
input  values.  Others  ■  blank 

NA  -  1,  System  initially  at  rest. 

-  -I,  Initial  conditon  of  group 

11  will  be  read. 

NB  ■  0,1  Linear  spring/damper  used. 

■  -1,  Nonlinear  spring/damper  used. 

-  M,  M  extra  spring/damper  are  to 

be  read  In  from  card  reader 
(thie  will  allow  a  user  to 
input  horizontal  springs/ 
dampers  since  IS0LXH  sizes 
only  the  vertical  spring 
Isolators). 

NC  »  0,  no  excitation  force  input. 


3.  Inertia  data  and  coordinates 


4.  Coordinates  of  sprlng/damper 


5.  Data  for  short  pendulums 


■  l,  excitation  forcing  function 
read  in  from  SYN90L. 

=  -N,  excitation  force  tables, 
of  length  N,  are  road 
in  from  cards  as  before. 


NE  - 

o,i 

4  points  of  interest  are 
read  in  from  I90LIN. 

- 

-K, 

[jc|  points  of  interest  will 
be  read.  |K|  ^  4 

NF, 

same 

input  format  as  before. 

3-  Omitted  if  NB  -  0,1 

Otherwise,  same  input  format  as  before. 

Omitted  if  NB  -  0,1 

Otherwiee,  same  input  format  as  before. 
5-  Omitted 
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6.  Data  for  spherical  places 


6.  Omitted 


7.  Coordinates  of  points  of 
interest 

XP(I),  YPU),  ZP(I)  (4E8.0) 


7.  Omitted  only  when  NE  b  -X  in 
Group  2. 

Otherwise,  same  input  format 
as  before. 


8.  Spring/damper  characteristics. 


o  Subgroup  1 

o  Subgroups  2  and  3 

DF(J,l),  J  -  1,  NX(I) 
FS(J,I),  J  *  1,  NX( I) 
VD( J, 1) ,  J  -  1,  NY( 1) 
FD(J,1),  J  -  1,  NY(1) 
( 10E8.0) 

9.  Excitation  tables 


10.  Program  constants 

TS,  TF,  DTI,  DTP,  TCP,  DTFC, 
PLT,  DCGX,  DCGY,  DCGZ  (10E8.0) 


11.  Initial  conditions. 

a.  fi,  7,  i,fi  ,  j,  XCBDX, 

*CBDY’  *CBDZ  (9E80) 


o  Subgroup  1  omitted 

o  Subgroups  2  and  3  Omitted 
when  NB  b  .1  in  group  2. 
Otherwise,  same  input  format 
as  before. 


9.  Omitted 

10.  Must  be  input  as  before.  The 
plotting  control  index  PLT  is 
replaced  by  1PLT.  See  Input 
to  ISIP. 

11.  Otaitted  when  NA  b  -l  in  group  2. 
Otherwise,  same  input  format  as 
before. 


f.  INPUT  to  YUPL0T  of  PLTSUB 

Input  to  YUPL0T  of  PLTSUB  begins  with  a  comment  card,  then  follows 
the  entire  deck  of  YUPUST  input.  (See  YUPlflT  Input  instructions  in 
the  User's  Manual  for  PLTSUB  program).  A  comment  card  is  needed 
for  YUPL0T  even  when  no  plotting  is  requested  (IPLT  in  Input  to 
ISIP  is  zero). 

g.  INPUT  to  SPCTRM 

Input  to  SPCTRM  begins  with  a  comment  card,  followed  by  groups  l,  2,  and  3 
of  SPCTRM  input  (See  User's  Manual  for  SPCTRM).  NT  of  group  2  is  not  needed. 
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1S1P  Output.  The  output  of  ISIP  Is  almost  identical  to  the  conglomerate 
sum  of  the  individual  sub-programs.  The  values  of  0PTN  and  1PLT  are  first 
printed  on  a  page.  The  ID  card  of  the  ISIP  input  is  printed  at  the 
beginning  of  each  subprogram.  An  "end  of  input"  statement  is  printed  at  the  end 
of  each  sub-program  input  list  to  separate  the  input  from  the  computation 
portion  of  the  program.  The  rest  of  the  outputs  arriving  from  individual 
sub-programs  are  self-explanatory. 

A  Suggested  Procedure  in  Running  ISIP.  A  user  of  ISIP  may  find  it  essential 
to  run  WAVSYN  or  NWVSYN  subprograms  first,  and  repeat  if  necessary  until  the 
synthesized  waveforms  are  satisfactory.  The  input  to  WAVSYN/NWVSYN  of  the 
satisfactory  waveforms  is  then  added  to  the  ISIP  input  stream  for  a  complete 
ISIP  run  starting  from  1S0LIN.  The  initial  runs  would  normally  use  the  line- 
printer  or  no  plots  at  all.  Plotting  on  a  Cal  comp  plotter  is  time  consuming, 
and  should  not  be  requested  until  the  final  analysis  of  the  problem  is  completely 
satisfactory.  A  complete  run  from  IS0L1N  to  SPCTRM  without  recycling  the 
IS0L-SPCTRM  loop,  as  discussed  previously,  will  take  10  to  15  minutes  of 
computer  time  in  most  computer  systems  (IBM-360,  CDC-6400,  and  UNIV-1106). 

Twice  as  much  time  is  needed  whan  the  IS0L-SFCTRM  recycling  loop  is  Included  . 
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12.0  USER'S  MANUAL  FOR  PLTFRM  PROGRAM 

Program  Features.  In  this  program  a  three-dimensional  stiffness  matrix  of 
a  flat,  horizontal  and  un-restrained  platform  is  assembled  using  the  structural 
finite  element  technique.  Only  the  beam  and  linear  spring  elements  are 
presently  employed.  One  end  of  the  spring  element  is  grounded  while  the  other 
end  is  attached  to  the  platform.  The  stiffness  of  the  beam  element  is  modified 
to  include  the  stiffening  effect  of  any  top  and  bottom  platform  panels.  The 
system  of  units  used  is  pound,  inch,  and  second  (lb.,  in.,  and  sec.).  A 
stiffness  matrix  of  the  platform  is  developed  and  inverted  to  give  the  flexi¬ 
bility  matrix  of  the  system. 

The  platform  is  described  by  its  node  points  (or  joints)  where  the  beam 
elements  are  connected.  (See  Section  5.2).  The  position  of  the  node  points 
are  defined  by  the  coordinates  of  a  X-Y-Z  coordinate  system.  Six-degrees-of- 
freedom  (DOF)  are  associated  at  each  node  point  with  the  following  sequential 
order : 


D0F[ (n-l)*6  +  1] 
D0F[ (n-1) *6  +  2] 
D0F[ (n-1) *6  +  3] 
D0F[ (n-1) *6  +  4] 
D0F[ (n-1) *6  +  5] 
DOF [(n-1) *6  +  6] 
Figure  2-14  shows  the 


=  translational  displacement 

of  the  n-th  node 

=  translational  displacement 

of  the  n-th  node 

=  translational  displacement 

of  the  n-th  node 

=  torsional  displacement  (or 

(0  axis)  of  the  n-th  node 

=  torsional  displacement  (or 

(0  axis)  of  the  n-th  node 

=  torsional  displacement  (or 

(0  axis)  of  the  n-th  node 
z 

flow  chart  of  PLTFRM  computer 


(or  force)  along  X  axis 
(or  force)  along  Y  axis 
(or  force)  along  Z  axis 
torque)  about  X  axis 
torque)  about  Y  axis 
torque)  about  Z  axis 

program. 


Program  Limits 

Maximum  number  of  Node  points 
Number  of  beam  and  spring  elements 
Material  limitation  (presently) 
Joints 


22  (for  a  32K  computer) 
Unlimited 

Steel  and  Aluminum 
Rigid 
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Platform  and  beam  elements  On  X-Y  plane 

Node  point  identification  number  In  sequential  order,  no  missing  node 

Beam's  length- to- thickness  ratio  5  or  more 

The  platform's  boundary  condition  is  un-restrained  except  through  the 
grounded  ends  of  the  spring  isolators.  The  maximum  number  of  node  points  is 
increased  to  37  (estimated)  if  a  64,000  (decimal)  word  computer  is  used,  and 
to  50  (estimated)  for  a  96,000  word  computer.  As  a  general  structural  program, 
PLTFRM  contains  a  minimum  capability  for  finite  element  analysis.  Further 
improvement,  with  a  more  sophisticated  matrix  handling  and  reduction  scheme, 
could  greatly  increase  the  platform  size  limit  (in  terms  of  its  node  point 
numbers ) . 

PLTFRM  Input  Instructions.  There  are  six  groups  of  input  data  aa  follows: 

a.  Program  option  indices 

b.  Project  title  or  identification 

c.  Program  control  indices 

d.  Node  point  coordinates 

e.  Beam  input  data 

f.  Spring  isolator  input  data 

A  detailed  explanation  of  each  group  follows: 

Group  1  -  Program  Option 
Number  of  cards  =  1 


$PTN  -  a  '1'  in  column  8  signals  a  PLTFRM  run. 
Group  2  -  Project  Title 
Number  of  Cards  *  1 


Any  alpha-numeric  data  can  be  inputed  in  coliatna  1  through  72  on  this  card. 
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Group  3  -  Control  Indices 
Number  of  cards  =  1 


12345678 

»D12345«I 

789201234 

587893011 

34567 8940 1234567  8990123456789801234567  897012345678980 

NNP 

(18) 

a 

NSEL 

(18) 

NSIZE 

(18) 

BLANK 

NNP  -  Total  number  of  nodes  used  in  the  platform  system  (must  equal  the 

largest  node  number) 

NBEL  -  Total  number  of  beam  elements 

NSEL  -  Total  number  of  spring  elements 

NSIZE  -  Matrix  size  printout  control: 

Matrices  bigger  than  NSIZE  are  not  printed. 

Matrices  are  not  printed  if  NSIZE  =  1. 

Default  value  =  36. 

Group  4  -  Node  Point  Coordinates 

Number  of  cards  =  NNP 


12345678 

>0123458 

789301234 

56789301234567894012345678930123456789601234567897012345678980 

NP 

U8; 

XC 

(F8.0) 

YC 

(F8.0) 

BLANK 

NP  -  Node  point  number,  integer,  1  through  NNP 

XC,  YC  -  X  and  Y  coordinates  of  NP,  in.  (Z  coordinate  of  NP  =  0) 

I 

i  Group  5  -  Beam  Input  Data 

Number  of  cards  =  NBEL 


E 

22 

E 

ms 

12345678 

>30l2345fl( 

56789 TO  12 

345678980 

TT 

M 

x—v 

M 

W 

ISJ 

M 

U> 

w 

1 

ii 

(F8.0) 

12 

(F8.0) 

A 

(P8.0) 

Cl  ! 
(28.0) 

C2 

(P8.0) 

wi  1 
(28. 0) 

M2 

(F8.0) 

T1 

(F8.0) 

1 

T2 

(F8.0) 

' 

Nl,  N2  -  First  and  second  node  points  of  the  beam  elements. 

MAT  -  Material  selection: 

ST  for  steel 
AL  for  aluminium 

**  indicates  that  the  current  beam  is  identical  to  the 

previous  one.  Input  data  for  the  rest  of  this  card  are 
not  needed. 
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II,  12  -  Area  moment  of  inertia  about  1-1,  and  2-2  axis,  in** 

Aula  2 

Top  | 


Mia  2 


A  -  Crossect ional  area,  in^ 

C1,C2  -  Distance  from  neutral  axis  to  extreme  most  fibers  of  beams,  in. 

(See  diagram  above.) 

W1,W2  -  Beam  tor  ind  b.  t  :.>E  widths,  in.  (See  diagram  above.) 

T1,T2  -  Top  in:  •  g.  <  ■  •  ■  i  r  nesses,  in.  (See  diagram  above.) 

Group  6  -  Spring  !: 

(Omit  this  group  :  •  • 

Number  of  Card'  - 


N3  -  Node  point  numDet  oi  platform  where  spring  attaches 

NOTF.:  Tne  other  end  of  spring  is  attached  to  ground. 

Rl,  R2,  R3  -  Translational  spring  rates  along  X,  Y,  Z  axes  of  the  platform 
system  lb/in 

R4,  R5,  R6  -  Torsional  spring  rates  about  X,  Y,  Z  axes  of  the  platform 
system  in- lb /rad 

Messages  of  PLTFRM  .  Warning  messages  are  printed  if  there  are  input  errors. 
Messages  include: 

.  Maximum  node  points  are  exceeded 

.  Node  points  are  not  in  sequence  (i.e.,  there  is  at  least  one  missing 
node) . 

.  Material  selection  error 

.  'Stop  777'  ic  printed  out  if  the  stiffness  matrix  has  no  inverse 
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PLTFRM  Output  .  The  program  output  is  in  the  following  order: 

.  Project  title 
.  Group  3  input  data 
.  Node  point  coordinates 

.  Stiffness  matrices  of  input  beam  elements 
.  Spring  rates  of  spring  isolators 
.  Platform  stiffness  matrix 

The  flexibility  matrix  of  the  platform  is  not  printed  by  the  program.  The 
matrix  is  recorded  on  logical  unit  14 ,  for  Later  use. 

PLATFORM  Boundary  Conditions.  In  order  that  the  stiffness  matrix  of  the  plat¬ 
form  structure  can  be  inverted  to  give  the  flexibility  matrix,  as  required  by 
FV0US  program,  the  platform  must  be  constrained,  through  the  use  of  the  spring 
isolator  elements,  to  eliminate  the  presence  of  the  rigid  body  modes.  A 
message  -  "Flex,  matrix  in  doubt"  is  printed  if  the  inversion  process  is  in 
error  due  to  matrix  singularity. 
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13.0  USER'S  MANUAL  FOR  FV0US  PROGRAM 

Program  Features.  The  free  vibration  of  an  un-restrai ned  structure  is  analyzed 
in  FV0US  by  the  normal  mode  technique  described  in  Section  4.4.  FViAUS  accept:; 
either  the  mass  and  spring  input  data  for  a  rigid  platform  analysis,  or  the 
flexibility  matrix  of  a  non-rigid  platform  from  any  structural  program  such  as 
PLTFRM.  A  linear  shock  isolation  system  is  assumed  in  both  cases.  Figure 
2-15  shows  the  flow  chart  of  FV0US. 

Program  Limits 

Maximum  degrees-of-f reedom 

(*Estimated) 

Number  of  weight  points 
Number  of  springs 
Maximum  number  of  normal  nodes 
Maximum  data  points  on  spectrum 
tables 


132  (for  a  32K  computer) 
222*  (for  a  64K.  computer) 
300*  (for  a  96K  computer) 
144 

Unlimited 

20 

20 


Nine  response  spectra  are  input  in  one  analysis.  Three  response  spectra 
are  in  each  of  the  three  principal  directions  with  three  damping  values  of 
0%,  5%,  and  10%. 

FV0US  Input  Instructions.  The  input  can  be  divided  into  nine  groups.  They  are: 

a.  Program  option  indices 

b.  Project  title  or  identification 

c.  Weights,  their  coordinates  and  moments  of  inertia  with  respect  to 
X,  Y,  Z  axes. 

d.  Spring  constants  and  their  attachment  coordinates 

e.  Flexibility  matrix 

f.  Inertia  matrix  or  lumped  weight 

g.  Program  control  indices 

h.  Frequency  table 

i.  Shock  response  tables  in  X,  Y,  Z  directions  corresponding  to 
given  frequency  table 

Group  1  -  Program  Option 

Number  of  cards  =  1 
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12345678 

)t)12345e 

7892)1234 

567893011 

34567894012346678980 12345678980 1234567897012345878980 

0PTN 

(18) 

NR 

(18) 

NS 

(18) 

_ 

R# 

(18) 

BUNK 

iflPTN  -  A  '2'  in  column  8  signals  a  FV0US  run 

NR  -  Choice  of  rigid  (NR  =  0)  or  non-rigid  (NR  =  1)  structural  analysis 

NS  -  Flexibility  matrix  retrieval  control 

-1,  matrix  in  core 

0,  matrix  read  in  from  logical  unit  14 
1,  matrix  read  in  from  card  reader 
N<3  -  Dimension  of  flexibility  matrix 

NOTE:  No  input  for  NS  and  N0  if  NR  =  0 

Group  2  -  Program  Title 

Number  of  cards  =  1. 


123456789012345678920123456789301234567894012345678980123456789801234567897012 

) 4567  8980 

XD(1) ,  1-1,  12 
(12A6) 

BLANK 

Any  alpha-numeric  data  can  be  used  as  an  input  starting  with  column  1  thru 
column  72  on  this  card. 

Group  3  -  Weights,  Weight  Coordinates  and  Moments  of  Inertia 

(Omit  this  group  through  group  6  if  NR  =  1) 

Number  of  cards  =  up  to  144 


1234567  8910 

1234567892 

12345678930 

12345678940 

12345678950 

12346678960 

12345678970 

12345678960 

AM(K) 

(FXO.O) 

XM(K) 

(F10.0) 

YM(K) 

(F10.0) 

ZM(K) 

(F10.0) 

AMX(K) 

(F10.0) 

AMY(K) 

(F10.0) 

AMZ(K) 

(F10.0) 

BLANK 

. 

AM  -  Weight  of  each  mass  point,  lb. 

XM,  YM,  ZM  -  X,  Y,  Z  coordinates  of  AM,  in. 

AMX,  AMY,  AMZ  -  Moments  of  inertia  of  AM  with  respect  to  X,  Y,  and  Z  axes 
Group  4 

Number  of  cards  =  1 

A  blank  card  signals  the  end  of  ground  3. 
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Group  5  -  Spring  Constanta,  and  Spring  Attachment  Coordinates 
Number  of  cards  =  no  limit 


123456789b 

12345678933 

12345676930 

12345678940 

12345676950 

1234567696) 

12345678970 

12345676980 

AK 

(Fit 0.0) 

XA 

(flO.O) 

XB 

(FlO.O) 

YA 

(FlO.O) 

YB 

(FlO.O) 

ZA 

(FlO.O) 

ZB 

(FlO.O) 

BLANK 

AK 

-  Spring  constant 

XA, 

XB 

-  Coordinate 

of 

spring 

at 

both 

ends 

in 

X 

direction 

|  .  Point  A  on  . 

YA, 

YB 

-  Coordinate 

of 

spring 

at 

both 

ends 

in 

Y 

direction 

1  |  Platform,  B| 

ZA, 

ZB 

-  Coordinate 

of 

spring 

at 

both 

ends 

in 

Z 

direction 

1  '  on  ground 

Group  6 

Number  of  cards  =  1 

A  blank  card  signals  the  end  of  ground  5. 

Group  7  -  Flexibility  Matrix 

(Omit  this  group  and  next  if  NR  =  0) 

(Omit  this  group  if  NS  =  0) 

Number  of  cards  =  (N0*N0)/6 


1234567  89D12 

3456789201234  >678930123456 

7894012345678930 

12345678960 

L234567  897012 

345878980 

AK(I.  J),  I- 

j  (6 

1,  N«,  J-l,  N9 
El?. 8) 

_ 

BLANK 

AK  -  Flexibility  matrix 

Group  8  -  Lumped  Weight 

(Omit  this  group  if  NS  =  0) 
Number  of  cards  =  N0/6 


123456789D 

12345678923 

1234567 8930^234567 894 

12345678950 

12345  6r  39GD 

12345678970 

12345678980 

AM(I),  1-1,  N t 

(6F10.0) 

1 

. 

_ 

BLANK 

AM  -  Weight  and  moments  of  in.rtia  with  respect  to  X,  Y,  Z  axes, 

lbs  ano  Ib-ir.-sec' 

Group  cj  -  Program  Control  'ndices 
Number  of  cards  =  1 


2-tfl 


12345678 

BD1234S6 

r 89201234 

>6789301234567894012345678930123456789601234567891012345678980 

NM 

(18) 

NTL 

(18) 

NC 

(18) 

BLANK 

NM  -  Number  of  normal  mode  to  be  computed 

NTL  -  Number  of  points  on  shock  spectrum 

NC  =  0,  No  spectrum  is  read  in. 

=  M  sets  of  spectra  will  be  read  in.  (A  set  consists  of  9  spectrum 
tables  as  discussed  in  "Program  Limits".) 

Group  10  -  Frequency  Table 

Number  of  cards  =  (NTL  +  8 ) / 9 


1234567 8u 1)123456 


67893012p4567894C|l234567  8^5012345 


CPSTAB  (I),  1-1,  NTL 


CPSTAB  -  Frequency  table,  Hz 

Group  11  -  Spectrum  Displ.  Amplitude  Tables 

Number  of  cards  =  9* ((NTL  +8)/9) 


67  89701234567  8980 


BLANK 


1234567 8BD12345 


1234567 8BD12345 


67  893012^45 67 894^1234567  fibOO 12345 


TABOT  (I),  1-1,  NTL 


67897012045678980 


BLANK 


1234 567tbD123456j7892Dl234^>6789 3012^45678940^ 2345678p00l2345 


TABOZ  (I),  1-1,  NTL 


67897012345678980 


BLANK 


1234567 9 012345 


67893012^4567 894X23456789001234 5  8980 1234p67  8910 12^45678980 


TAB5X  (I),  1-1,  NTL 


1234567  6BD12345 


67893D12B4567894Dk2345678^a0123456f?89ffil234l567  897013*4567 8980 


TAB5Y  (I),  1-1.  NTL 


234567 8M0123456R  896D1234B67  89701X4567  8880 


1234567 8BD123456P892D1234 


45678980 


BLANK 


1234567 


89201234567  893012J345878940tt2345678B50l2345G|7  89® 1234667897012345678980 


TAB 107  (1),  1-1,  NTL  BLANK 

9P8.0) 


1234567  8DD123456J7  89271234 


TAB 10Z  (I),  1-1,  NTL 
8. 


89®  1234)5  6  7  897012345  6  7  89® 


ELANK 


TABOX , TABOY , TABOZ  -  Shock  spectrum  amp]  iti:  .  ..  '.a  Y,  Z  directions  for 

zete  damp]  r  ,  1".. 

TAB5X,TA35Y  ,TAB5Z  -  Shock  s z -urn  liiip- i  r.udr  b  c)  a,  Y,  an  I  Z  directions  for 

5  .Limping,  in. 

TAB10X, TAB10Y , TAB iuZ  -  Shock  Spectrum  amplitudes  in  X,  Y,  and  Z  directions 

for  10  A  imping,  in. 

Output  Oat  a .  Output  c.i'.a  then  the  program  can  be  uiv  i  cled  into  two  parts.  Tf 
first  part  i~  the  printout  t,f  input  data  and  cue  second  part  is  the  printout 
of  calculates..  ta.  [';>  •  result’  <’iv;deu  into  time  groups. 

broup  1  o  me  zix  (b  ..  n  .  f-:-t  rigid  oodv  mot  ions  only. 

1  roup  r...- . y.  .  lor  rig. a  oody  motions  only, 

flro"-'  •••!  ....cl  i  •  .  >  -  for  rigid  body  motions  only. 

'.coup  u  .-'I  ..  :  o.  ;.  i  -y  .\it  r iy  <  .til  x  .A)  -  tor  flexible  body  motions  only, 
dronp  i  !.  rr  i  .  m  1 :  r  ■  1  •  x  I  ■  lor  r  I  •  b  Le  body  motions  only. 


Fv<ei;s 


Group  b  Eignevectors  (NM  sets). 

Group  7  Participation  factor  (NM  sets). 

Group  8  Orthogonality  check  (NM  x  NM). 

Group  9  Response  data.  For  rigid  body  motion,  the  program  print,  out 
the  relative  displacements  and  absolute  accelerations  of  the 
C.G.  in  X,  Y,  Z  directions  and  the  angular  displacements  and 
accelerations  of  the  system  with  respect  to  X,  Y,  Z  axes 
passing  through  C.G.  For  flexible  body  motions,  the  program 
prints  out  the  relative  displacements  and  absolute  accelerations 
of  each  mass  point  in  the  X,  Y,  Z  directions  and  the  angular 
displacements  and  accelerations  of  the  system  with  respect  to 
the  X,  Y,  Z  axes  of  the  mass  point. 


1SIP2 


14.0  USER'S  MANUAL  EUR  ISIP2  PROGRAM 

Program  Features.  1SIP2  is  an  overlay  computer  program  automatically  linking 
the  PLTFRM  and  FV0US  programs  for  non-rigid  platform  analysis.  Figure  2-lh 
shows  the  overlay  structure  of  1S1P2. 

Program  Limits.  The  program  limits  are  the  same  as  those  in  PLTFRM  and  FVlDUS. 

1S1P2  Input  Instruction.  The  input  to  1SLP2  is  the  combination  of  the  input 
to  PLTFRM  plus  that  to  FVOUS,  except  the  group  l's  of  both  programs,  and  group 
2  through  7  of  FV0US  are  not  used.  A  new  group  1  input,  with  a  ' 3 ‘  in  column 
8  (one  card),  preceeds  the  combined  input  deck,  signaling  a  IS1P2  run. 

Number  of  cards  =  1 


12345678 

901234567892)1234567 893)1234567894012345678950123456789601234567 89701234567 8980 

0PTN 

(18) 

bumk 

0PTN  -  A  '3'  in  column  8  signals  a  1S1P2  run. 

1S1P2  Output.  The  output  of  1SIP2,  including  any  warning  messages  and 
computed  results,  are  the  combined  outputs  of  PLTFRM  and  FV0US. 
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ISIP  AND  ISIP2  PROGRAM  LISTINGS 

SECTION  1:  1S1P  LISTING 
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pfcfSUB  IS  A  PLOTTING-  SUBROUTINE  US-ING  GAL-GOMP  PLOTTER  OR  SCAQ2G  SGOPE 
“LOITER.  THE  YUPLOT  SUBROUTINE  IN  PLTSU0  WAS  ORIGINALLY  OEVELOPED  3Y 
PARSONS,  ANP  WAS  LATER  EXTENSIVELY  REVISED  BY  G.  CHAN.  THE  SGROEO  PLOTTING 
JACKTGE  ANO  ThE  LI NE -PRINTER  PLOTS  OF  THE  COHPUTED  SPECTRA  IN  WAVSYN  ANP 
AND  IN  SPGTRM  WERE  OEVELOPEO  BY  G,  CHAN  OF  SPERRY. 
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THIS  EXAMPLE  OStS  A  FLOOR-MOUNTED  PLATFORM  KITH  UNEQUAL  ISOLATOR  LENSTHS 
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THE  RESULT  Of  THIS  EXAMPLE  BUN  HAS  BEEN  OELETEU 


This  E sample  ts  almost  the  same  as  THE  PREVIOUS  one  EXCEPT  The  excitation 
forces  are  read  in  through  stnsol  instead  of  isol. 


INPUT  TO  spectrm 


/  ri  IS1P  Example. 


An  example  is  presented  to  illustrate  a  complete  platform  analysis 
using  ISiP.  A  platform,  supplied  by  BD&M  Company  of  New  Mexico,  lb'  \ 
is  to  be  located  in  the  second  floor  of  the  MSC  Building.  The  floor  to 
ceiling  height  is  21  feet.  The  platform  is  to  be  pendulum  mounted  ft om 
the  ceiling.  Three  feet  of  clearance  from  floor  to  platform,  and  a  platform 
thickness  of  three  feet  are  assumed. 

A  twelve  spring/damper  arrangement  was  judged  adequate  for  this  platform. 

The  vertical  design  frequency  of  the  shock- iso  la  ted  platform  and  the 
critical  damping  constant  of  the  isolator  system  are  assumed  to  be  1.4  Hz 
and  0.05  respectively.  The  spring/damper  locations  and  the  equipment  weights, 
mounted  on  the  platform,  are  shown  in  the  following  diagrams. 


B  D  &  M  PLATFORM  (16'  X  33') 


FRONT  VIEW  FLAN  VIEW 


O  SPRING/DAMPER  ATTACHMENT  POINT 
•f  EQUIPMENT  WEIGHT,  IDENTICAL  ARRAYS 
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SECTION  10:  EXAMPLE  TO  IS1P2 

A  platforn,  300"  x  400",  la  constructed  by  12  UF  106  structural  steel  beans 
as  shorn.  The  platforn  is  supported  vertically  by  six  spring-isolators  at 
nodes  1,  4,  10,  13,  19,  and  22.  All  nodes  along  the  platforn  edges  are 
loaded  with  a  concentrated  weight  of  1300  lbs.  each.  The  inner  nodes  (6,7,11, 
12,  16,  and  17)  are  loaded  with  2000  lbs.  each.  Spring-isolators  are  provided 
at  nodes  9  and  14  to  elininate  possible  platforn  rigid-body  nodes.  All  joints 
are  rigidly  welded.  A  top  and  a  botton  covered  plates,  0.25  inch  thick  each, 
are  welded  to  the  beans. 


A  22-NODF  PLATFOo-  IS  ANAL  I ZEO  HEBE  FIRST  AS  A  NON-RIGID  PLATFORM.  THEN  AS  A 
RIGID  ONE.  PLATFOCM  IS  SUPPORTED  BY  6  SPRING-ISOLATORS.  EXTRA  SPRINGS  AR 
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SHOCK  TEST  PROGRAM.  SHOCK  ISOLATION  DESIGN  MANUAL  FOR  SAFEGUARD— ETC (U) 
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AN  ISOL-PLTSUS  EXAMPLE  PON.  USING  CALCOMP  PLOTTER.  2  PROBLEMS.  (EM)  CONDITIONS  OF  FIRST  EROBLB)  «  INITIAL  CONDITIONS  OF  SECOND  PROBLEM) 
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